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Abstract

Background: Taconite mining (i.e., iron mining) began in the late 1800s along the
Mesabi range in Minnesota and currently produces the largest amount of iron ore within
the United States. Taconite mining and processing results in potential exposures to
respirable dust and silica. Previous population and occupational studies have
demonstrated potential associations between respirable dust and silica with chronic
obstructive pulmonary disease (COPD) and ischemic heart disease (IHD). Additionally,
a previous mortality study among Minnesota taconite workers indicated that IHD
mortality was elevated. Although COPD was not elevated in the previous mortality
study, IHD and COPD often occur as comorbidities. However, using only the underlying
cause of death on a death certificate may result in an under-estimation of the COPD

mortality burden particularly in the presence of co-morbidities such as IHD.

Objective: The overall objective of this research is to evaluate the impact of
occupational exposures in taconite mining (i.e., employment duration, respirable dust,
and respirable silica) on IHD and COPD mortality among a cohort of taconite miners in
Minnesota. Specifically, to determine whether the underlying causes of death due to
both COPD and IHD were under-or over-estimated, respectively,

this dissertation investigated IHD and COPD mortality among taconite workers using a
multiple cause of death analysis. Further, given the potential relationship between
employment duration, respirable dust and respirable silica with IHD and COPD,

this dissertation also explored the association between employment duration, respirable
dust, and respirable silica with IHD and COPD, respectively, among a cohort of taconite

miners.
Specific Aim 1

Aim: To determine whether underlying causes of death due to COPD and IHD were
under- or over-estimated, respectively, the current study investigated IHD and COPD

mortality among taconite workers using a multiple cause of death analysis.



Methods: The referent population was constructed using Minnesota population data
from U.S. Census Bureau and mortality data from the Minnesota Department of Health
for 1970-2010. Underlying and contributing causes of death were classified using ICD 7-
10 codes based on the year of death for each individual. Taconite workers were
included in the study if they were part of the Mineral Resource Health Assessment
Program and had updated information in 2008 (N=30,779). Standardized mortality ratios
(SMRs) were calculated comparing the observed number of deaths among taconite
workers to the number of deaths expected in this population based on Minnesota
reference rates (using underlying and contributing causes of death due to IHD or
COPD).

Results: Among deceased taconite workers, 2,127 had IHD listed as the underlying
cause of death and an additional 560 workers had IHD listed as a contributing cause of
death. A total of 361 workers had COPD listed as the underlying cause of death and an
additional 490 had COPD listed as a contributing cause of death. The SMRs for the
underlying cause of death were 1.04 (95% CI = 1.00, 1.09) for IHD and 0.85 (95% CI =
0.76, 0.94) for COPD. For an underlying or contributing cause of death due to IHD, the
SMR was 1.01 (95% CI = 0.98, 1.05) whereas for COPD the SMR was 0.90 (95% CI =
0.84, 0.97).

Specific Aim 2

Aim: To investigate the potential occupational association among a cohort of Minnesota
taconite miners between employment duration, respirable dust, and respirable silica
with IHD mortality. A secondary analysis was also conducted to determine the impact of
potential misclassification of IHD and extended the outcome to include contributing

causes of death due to IHD with COPD listed as a primary cause of death.

Methods: A nested case-control study within a cohort of 31,067 taconite workers was
conducted. Cases were identified based on the vital status of each of the workers
through 2010. Cases were selected based on an underlying cause of death of IHD
(N=2185) or an underlying cause of death due to IHD and a contributing cause of death

due to IHD with COPD as the underlying cause of death (N=2217). Two controls were
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randomly selected via incidence density sampling and caliper matched on birth year (+/-
2 years) and sex. Conditional logistic regression was used to estimate the risk of IHD
associated with employment duration (by department, industry, and production
department), respirable dust (continuously and by quartiles), and respirable silica

(continuously and by quartiles) among taconite miners.

Results: Among underlying cases of IHD, most were employed in taconite on average
11.9 years (SD=10.0) whereas controls were employed on average 12.2 years
(SD=10.4). No associations with IHD mortality were identified for employment duration
by department, industry, or production departments. Additionally, no association was
found between respirable dust (HR=0.99; 95%CI=0.97, 1.02) or respirable silica
(HR=1.02; 95%CI1=0.84, 1.24) with IHD as an underlying cause of death. Results that
included contributing causes of death due to IHD with COPD listed as a primary cause
of death were essentially unchanged from those with IHD as an underlying cause of

death only.
Specific Aim 3

Aim: To investigate the potential occupational association among a cohort of Minnesota
taconite miners between employment duration, respirable dust, and respirable silica

with COPD mortality. A secondary analysis was also conducted to determine the impact
of potential misclassification of COPD and extended the outcome to include contributing

causes of death due to COPD with IHD listed as a primary cause of death.

Methods: A nested case-control study within a cohort of 31,067 taconite workers was
conducted. Cases were identified based on the vital status of each of the workers
through 2010. Cases were selected based on an underlying cause of death of COPD
(N=363) or an underlying cause of death due to COPD and a contributing cause of
death due to COPD with IHD as the underlying cause of death (N=499). Two controls
were randomly selected via incidence density sampling and caliper matched on birth
year (+/- 2 years) and sex. Conditional logistic regression was used to estimate the risk

of COPD associated with employment duration (by department, industry, and production
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department), respirable dust (continuously and by quartiles), and respirable silica

(continuously and by quartiles) among taconite miners.

Results: Among underlying cases of COPD, most were employed in taconite on
average 11.5 years (SD=10.3) whereas controls were employed on average 12.0 years
(SD=10.7). No associations with COPD mortality were identified for employment
duration by department or industry. An association was found by production
departments for individuals with unknown work history and laborers (HR=1.04;
95%CI=1.01, 1.07); however, the association was no longer significant when
contributing causes of death due to COPD were included (HR=1.01; 95%CI=0.98, 1.03).
No association was found between respirable dust (HR=0.98; 95%CI=0.93, 1.04) or
respirable silica (HR=0.82; 95%CI1=0.51, 1.31) with COPD as an underlying cause of
death. Results that included contributing causes of death due to COPD with IHD listed
as a primary cause of death were essentially unchanged from those with COPD as an

underlying cause of death only.

Overall Conclusion: The results of this study indicate that occupational factors are
unlikely to lead to increased IHD or COPD mortality. In Specific Aim 1, no evidence was
found that suggested that the inclusion of contributing causes altered the direction of
previously reported associations for IHD or COPD among taconite workers as
compared to the general Minnesota population. That is, IHD and COPD mortality
remained in the same direction with similar magnitudes as a previous study among the
same cohort suggesting that the inclusion of contributing causes did not impact the
findings. For Specific Aims 2 and 3, the current study did not identify associations
between IHD or COPD mortality and employment duration or respirable dust or silica
exposures within taconite mining suggesting that occupational factors are unlikely to
lead to increased IHD or COPD mortality.
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Preface

The organization of this dissertation includes an initial introductory chapter, three
individual manuscripts written as chapters, and a concluding chapter. The three
individual manuscripts are in preparation for peer-review and as a result, there will be

some redundancy in material between each of these chapters.
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Chapter 1: Introduction

Background and Significance

Taconite mining (i.e., iron mining) along the Mesabi range in Minnesota produces the
largest amount of iron ore and taconite within the United States (1). Mining along the
Mesabi range began in the early 1900s; however, the original ore that was mined along
the range was hematite — a rich iron ore that required little processing (2). As hematite
ore became depleted due to high demands for iron ore during the World War Il era,
taconite ore began to be processed (2). Taconite is a lower grade iron ore which
requires more processing than hematite and became the predominant iron ore source in
the latter half of the 20" century (2). Taconite mining involves blasting rock from open
pits and then crushing and processing the rock to extract iron ore (2, 3). As a result,
taconite processing exposes workers to more dust, debris, and other potential
exposures than the processing of hematite, resulting in potential excess exposures to
respirable dust and silica (3).Concerns about health effects due to occupational
exposures as a result of taconite mining have led to studies of taconite miners focused
on mesothelioma and other health conditions as well as various exposures including

respirable dust and silica (2-12).

Associations between PM2s and Respirable Dust with IHD and COPD

Respirable dust includes dust particles that are less than or equal to 4 micrometers in
aerodynamic diameter (13). Respirable dust includes respirable silica and particulates
such as fine particulate matter (PM2.5) that have been associated with cardiovascular
disease and mortality (14-17). Environmental factors such as PMzs have been shown to
initiate systemic inflammation and oxidative stress in murine models and population-
based epidemiologic studies (18-20). Increased exposure to PM2s increases levels of
cytokines and other inflammatory proteins initiating a cascade effect that leads to
increased pulmonary and systemic inflammation, which have been identified as
precursors to IHD and COPD (18, 20-23). Further, Kaufmann et al. determined

1



increases in PM2s led to subsequent increases in coronary calcium, a precursor to IHD,
adding to the biological plausibility of an association between PM2.s and IHD (24). PM2.s
has also been found to alter pulmonary vasculature leading to the development of
COPD (18-20). Additionally, previous work conducted by Huynh et al. within taconite
mining found that PM2.5 and respirable dust exposures within the mines were highly
correlated (25). Occupational exposure to respirable dust has been associated with
ischemic heart disease (IHD) and chronic obstructive pulmonary disease (COPD) (17,
26). Further, respirable dust exposures in occupational settings are likely much greater

than environmental exposures.
Previous Taconite Exposure Studies

Previous taconite studies have evaluated exposures and health outcomes among this
cohort of taconite workers (3-6, 9, 12, 25). Exposures of concern that have previously
been evaluated include elongate mineral particles (EMPs), respirable dust, and
respirable silica (3, 11, 12, 27). For the current study, previously modeled respirable
dust and respirable silica measurements were used (12). Using a combination of
historical and more recently (i.e., 2010) collected exposure measurements, a total of
19,391 respirable dust measurements and 9,127 respirable silica measurements were
used to model exposure and create a job-exposure matrix (JEM) (12). The respirable
dust measurements were modeled by mine and previously established departments
(i.e., mining, crushing, concentrating, pelletizing, shop (mobile), shop (stationary),
office/control room, and janitor) by year beginning in 1955 until 2010 (12). The estimates
for respirable dust were highest among the crushing department (yearly average among
all 7 mines in 1955 = 2.03 mg/m3; and in 2010 = 1.44 mg/m?®) and lowest in the
office/control room department (yearly average among all 7 mines in 1955 = 0.00
mg/m?3; and in 2010 = 0.13 mg/m3) with some respirable dust exposures that were
greater than the Mine Safety and Health Administration (MSHA) 8-hour TWA of 1.5
mg/m?3 (12). Further, respirable silica was also modeled and based on the assumption
that the percentage of silica content in respirable dust and taconite ore remained
unchanged over time. For respirable silica, the highest concentrations occurred in
crushing (yearly average among all 7 mines in 1955 = 0.27 mg/m?; and in 2010 = 0.19
2



mg/m?3) and shop (mobile) (yearly average among all 7 mines in 1955 = 0.14 mg/m?3;
and in 2010 = 0.08 mg/m?3) with some respirable silica measurements exceeding the
MSHA 8-h TWA of 0.1 mg/ m3. Using these data, the current study established

cumulative estimates of exposure for each taconite mining industry worker.

Previous Taconite Mortality Study

In a previous mortality study conducted by Allen et al., the investigators found that IHD
mortality rates in this population were elevated as compared to the Minnesota
population (SMR=1.11; 95%CI=1.07, 1.16) (6). While Allen et al. did not find an increase
in COPD mortality (SMR=0.98; 95%CI1=0.88, 1.09), IHD and COPD often occur as
comorbidities and, particularly in the presence of cardiovascular disease, underreporting
of COPD on the death certificate often occurs (28-33). Given that underreporting on the
death certificate occurs and COPD is often not listed as the primary cause of death
when it does occur, a multiple cause of death analysis was used for the current study.
Multiple cause of death analysis allows for the extension of the cause of death beyond
the primary cause of death to contributing causes of death as well (33, 34). A multiple
cause of death analysis was not only used in the current study to calculate SMRs by
extending the definition of the cause of death beyond the primary cause to contributing
causes, but also as a sensitivity analysis for the analyses that investigated the

associations between taconite exposures and IHD and COPD, respectively.

Objective

The overall objective of this research is to evaluate the impact of occupational
exposures in taconite mining (i.e., employment duration, respirable dust, and respirable

silica) on IHD and COPD mortality among a cohort of taconite miners in Minnesota.



Specific Aims

The overall objective of this research is accomplished in three manuscripts that have

the following specific aims:

Specific Aim 1 (Chapter 2):

To determine whether underlying causes of death due to COPD and IHD were under- or
over-estimated, respectively, the current study investigated IHD and COPD mortality

among taconite workers using a multiple cause of death analysis.

Specific Aim 2 (Chapter 3):

To investigate the potential occupational association among a cohort of Minnesota
taconite miners between employment duration, respirable dust, and respirable silica
with IHD mortality. A secondary analysis was also conducted to determine the impact of
potential misclassification of IHD and extended the outcome to include contributing

causes of death due to IHD with COPD listed as a primary cause of death.

Specific Aim 3 (Chapter 4):

To investigate the potential occupational association among a cohort of Minnesota
taconite miners between employment duration, respirable dust, and respirable silica
with COPD mortality. A secondary analysis was also conducted to determine the impact
of potential misclassification of COPD and extended the outcome to include contributing

causes of death due to COPD with IHD listed as a primary cause of death.



Chapter 2: Multiple Cause of Death Analysis among

Minnesota Taconite Mining Industry Workers

Introduction

In a previous study of taconite workers that exclusively used the underlying cause of
death as reported in death certificates, Allen et al. found an elevation in IHD mortality as
compared to the general Minnesota population (6). However, COPD mortality was not
elevated as compared to this referent population, and it is possible that these findings
related to COPD could be due to disease misclassification or misdiagnosis of the cause
of death on the death certificate (6, 33). Additionally, smoking is a risk factor for both
IHD and COPD, and it is important to note that Allen et al. were not able to adjust for

smoking (6).

In terms of causes of death, death certificates contain both underlying and contributing
(or intervening causes of death. The underlying cause of death is defined as “the
disease or injury that initiated the train of morbid events resulting in death...” whereas
the contributing or intervening causes are defined as “other conditions that contribute to
death and are a result of the underlying cause” (35). For mortality statistics, the focus is
generally on the underlying cause of death under the assumption that acting upon the
underlying cause is best-suited to prevention of death. However, relying solely on the
underlying cause of death may result in misclassification, particularly for chronic

diseases that may co-occur (33).

Mortality data for chronic disease outcomes, such as COPD, is not always reliable
because an individual may have multiple chronic diseases (e.g., COPD and heart
disease) at the same time. In fact, COPD is often not recorded as an underlying cause
of death on death certificates and even among those with confirmed COPD, studies
have found that COPD is often not recorded on the death certificate at all (29, 30, 32).
As a result, distinguishing the underlying cause of death for an individual with multiple

comorbidities poses a challenge. Additionally, contributing causes of death are often

5



not recorded on the mortality record. Further, if they are recorded, these contributing
causes of death are often ignored (33). For instance, consider an individual with COPD
and heart disease. The individual’s ultimate cause of death may be listed on the death
certificate as ischemic heart disease. Although the death certificate would list ischemic
heart disease as the underlying cause of death, COPD would be listed only as a
contributing cause of death. If only the underlying cause of death is recorded or

considered, the individual’'s co-occurring cause of death, COPD, would be missed.

For example, in a study by Mannino et al., among those with obstructive lung disease
mentioned as either an underlying or contributing cause on the death certificate, only
43.3% had obstructive lung disease listed as the underlying cause of death (34). These
findings suggest that obstructive lung disease was underestimated when the underlying
cause of death was considered alone. Additionally, the Mannino et al. study highlights
the importance of utilizing contributing causes of death when exploring diseases such
as COPD that may be important factors in the cause of death, but not listed as the
underlying cause (34). However, relying solely on the underlying cause of death may
lead to an under- or over-estimation of the mortality burden, particularly in the case of
COPD and heart diseases, respectively (33).

Given that reliance on the underlying cause of death alone may under- or over-estimate
the mortality burden of COPD and IHD, respectively, the current study utilized multiple
cause of death analysis. Multiple cause of death analysis extends the definition of the
cause of death to include not only the underlying cause of death, but also the
subsequent causes of death for outcomes that are often misclassified such as COPD.
The current study will investigate IHD and COPD mortality among taconite workers

using a multiple cause of death analysis.



Methods

Taconite Workers Data Collection

In the 1980s, concerns arose about taconite miners’ health and potential health effects
that may be due to the occupational exposures they experience. As a result, the Mineral
Resources Health Assessment Program (MRHAP), a collaboration between the Iron
Range Resources and Rehabilitation Board and the University of Minnesota’s School of
Public Health, was formed. In 1983, employee records for 68,737 workers were
collected from seven existing mines including US Steel Corporation, Hanna Mining
Company, Pickands-Mather and Company, Reserve Mining Company, Eveleth Taconite
Company, Inland Steel Company, and Jones and Laughlin Corporation. Social Security
Administration (SSA) records were used to determine whether workers had died or were
still living through 2010 (6). Based on SSA records, if a worker had died, mortality data
was obtained via the National Death Index, Minnesota Department of Health, or other

state departments (6).

In 2008, the health assessment of these taconite workers was updated as part of the
University of Minnesota’s Taconite Workers Health Study (TWHS). Given workers within
this occupational cohort included both hematite and taconite workers, and the focus of
the current study is taconite workers, the following exclusions to the original MRHAP
cohort were made to ensure mainly taconite workers’ experience was captured. Since
taconite mining began mainly in the 1950s, only workers who were born in 1920 or later
were included in the current study (n=46,170). Additionally, we excluded individuals who
only had an application on file and no additional work history (n=477), individuals for
whom vital status could not be ascertained (n=679), and individuals who were likely not
employed (e.g., those younger than 14 at the time of employment) (n=539). Further,
since reference population data for the current study were not available prior to 1970,
an additional 513 workers were excluded from the study. To ensure the current study

focused on workers with more stable employment in the industry (i.e., not summer



workers or temporary workers), workers who worked less than 1 year were also
excluded (n=13,179). Of the remaining workers, four workers had an unknown sex and
were also excluded from the study. In total, 30,779 workers were included in the current

analysis (Figure 1).

MRHAP Cohort
(n=68,737)

P Excluded workers born before 1920 (n=22,567)

v
TWHS Cohort
(n=46,170)
Excluded from analysis:
* Only application available (n=477)
* Vital status could not be ascertained (n=679)
> * Unlikely employment (n=539)
= Death prior to 1970 (n=513)
* Worked less than 1 year (n=13,179)
* Unknown sex (n=4)
Current Study
(n=30,779)

Figure 1. Study Exclusion Criteria

Referent Population Data Collection

The general Minnesota population was used as the reference population. Minnesota
population data was collected from the U.S. Census Bureau for the years 1970-2010
(36-39). For the years 1980-2000, data was available at the county-level within the

state; as a result, these data were aggregated to create state-level estimates by sex,

race, and age group.

Mortality data for the reference population was collected from Minnesota Department of

Health for the years 1960-2010 (40). However, since population data was only available

8



from 1970 onward, the mortality data for the general Minnesota population was only
used for 1970-2010. Mortality and population data was stratified by age, sex, race and
year. All underlying and contributing causes of death for the Minnesota population were
provided for this time period (1970-2010) (40). To determine which deaths were due to
ischemic heart disease (IHD) and chronic obstructive pulmonary disease (COPD),
respectively, NIOSH-119 designations for IHD and COPD were used based on ICD-7,
ICD-8, ICD-9, & ICD-10 codes by the year of death for each individual (41). Additionally,
no race data was available on taconite workers within the current study and were
assumed to be predominately White, as a result all other race categories in the
Minnesota population and mortality data were not considered for the current study.
Lastly, information on job status was not available for the entire study cohort at the time

of this analysis.

Data Analysis

To determine the standardized mortality ratios (SMRs), both underlying cause of death
due to IHD or COPD and contributing causes of death due to IHD or COPD were used.
Contributing causes of death included underlying causes of death in addition to any

cause of death mentioned in the contributing causes that was related to IHD or COPD,

respectively.

To calculate the SMR the observed number of deaths among taconite workers was
compared to the number of deaths expected in the taconite worker population based on
Minnesota population reference rates. Within each strata of 5-year age, calendar period,
sex, and race, the number of taconite workers was multiplied by the Minnesota
population reference rates and these products were then summed to determine the
overall expected number of deaths. A Poisson process was used to calculate exact 95%

confidence intervals for each SMR.

R and Stata were used for all statistical analysis.



Results

Of the 30,779 taconite workers included in the current study, the average year of birth
was 1940 (SD = 12.0) and the majority were male (92.9%) (Table 1). Most workers
were hired between the ages of 20 and 29 (37.5%) and most of the hiring within this
cohort took place between 1970 and 1979 (33.5%) (Table 1). Most workers within the
taconite cohort were still alive as of 2010 when vital status data was collected
(n=20,810; 67.6%) (Table 1).

A total of 2,127 workers died due to an underlying cause of death of IHD, and an
additional 560 had IHD listed as a contributing cause of death (Table 1). Three hundred
and sixty-one workers died due to an underlying cause of death of COPD, and an
additional 490 workers died due to an underlying or contributing cause of death of
COPD (Table 1).

Compared to the overall cohort of taconite workers (n=30,779), those who died due to
IHD or COPD were older (with the average year of birth of 1929 and 1928, respectively,
versus 1940 for the entire cohort) (Table 1). Additionally, of those who died due to IHD
as an underlying cause of death, 98.0% were men, whereas for those with an
underlying cause of death of COPD, 95.6% were men (Table 1). For underlying or
contributing causes of death due to IHD, 98.1% were men, and for COPD, 96.2% were
men (Table 1).
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Table 1. Characteristics of Taconite Workers with a Date of Death Between 1970
and 2010 by Underlying and Contributing Causes of Death Due to IHD

and COPD
Underlying Cause of Underlying + Contributing Total
Death Cause of Death
IHD COPD IHD COPD (N=30779)
(N=2127) (N=361) (N=2687) (N=851)

Mean SD Mean SD Mean SD Mean SD Mean SD
1929 8.14 1928 6.33 1929 7.98 1928 6.52 | 1940 11.97

Average Birth

Year
N % N % N % N % N %

Sex

Male 2,085 98.0 345 95.6 | 2,637 98.1 819 96.2 | 28,585 92.9

Female 42 20 16 44 |50 1.9 32 38 2,194 7.1
Age at Hire

<20 614 28.9 92 25.5 | 760 28.3 213 25 11,544 375

20-29 1,129 53.1 185 512 11,438 535 445 52.3 1 15,808 51.4

30-39 302 14.2 60 16.6 | 391 145 152 17.9 12,810 9.1

40+ 82 3.8 24 6.7 |98 3.7 4 48 | 617 2.0
Decade of Hire

<1950 763 359 121 33.5 | 968 36 300 35314454 145

1950-1959 934 439 175 485 1,183 44 407 478 [ 8,920 29
1960-1969 270 127 38 10.5 | 345 12.8 92 10.8 | 6,867 223
1970-1979 157 74 27 7.5 | 187 7 50 59 110,329 335

>1980 3 0.1 0 0 4 02 2 0.2 | 209 0.7
Vital Status
Alive - - - - - - - - 20,810 67.6
Dead 2,127 100 361 100 | 2,687 100 851 100 | 8,689 28.2
Presumed ) ) _ . _ ] ) ; 1,157 3.8
Alive
Presumed
Dead - - - - - - - - 123 0.4

IHD=Ischemic Heart Disease; COPD=Chronic Obstructive Pulmonary Disease

The SMRs for the underlying cause of death were 1.04 (95% CI = 1.00, 1.09) for IHD
and 0.85 (95% CI = 0.76, 0.94) for COPD (Table 2). For an underlying or contributing
cause of death due to IHD, the SMR was 1.01 (95% CI = 0.98, 1.05) whereas for COPD
the SMR was 0.90 (95% CI = 0.84, 0.97) (Table 3).
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Table 2. Standardized Mortality Ratios (SMRs) for Underlying Causes of Death due
to Ischemic Heart Disease (IHD) and Chronic Obstructive Pulmonary

Disease (COPD)
Underlying Observed Expected? SMR 95% CI
Cause
IHD 2127 2044.1 1.04 (1.00, 1.09)
COPD 361 426.5 0.85 (0.76, 0.94)

@ Based on Minnesota population data from U.S. Census Bureau and mortality data from the Minnesota
Department of Health for 1970-2010

Table 3. Standardized Mortality Ratios (SMRs) for Underlying and Contributing
Causes of Death due to Ischemic Heart Disease (IHD) and Chronic
Obstructive Pulmonary Disease (COPD)

Underlying & Observed Expected? SMR 95% CI
Contributing

Cause

IHD 2687 2650.1 1.01 (0.98, 1.05)
COPD 851 942.3 0.90 (0.84, 0.97)

@ Based on Minnesota population data from U.S. Census Bureau and mortality data from the Minnesota
Department of Health for 1970-2010

Discussion

Utilizing multiple cause of death analysis provides an opportunity to determine whether
there is potential misclassification of cause of death that may have occurred, particularly
for chronic conditions for which there may be other comorbidities at the time of death
(33). In the current study, including the contributing causes of death for COPD did result
in a slightly higher SMR indicating that it is possible that some misclassification of
disease for may be possible. Similarly, when contributing causes were taken into
account for IHD, the SMR was slightly attenuated which may also indicate some
misclassification for the underlying cause was possible. This indicates it may be
possible that COPD was underestimated and IHD was overestimated as suggested by

other studies investigating multiple cause of death analysis (33, 34).

Despite the potential for misclassification of disease, the findings of the current study do
not indicate that IHD is increased among taconite workers as compared to the general
Minnesota population. These results are dissimilar from the findings of a study
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conducted by Allen et al., in which IHD was found to be increased among taconite
workers as compared to the general Minnesota population (6). However, there are

notable differences between the Allen et al. study and the current study.

In Allen et al., the taconite workers and Minnesota reference population were
considered from 1960 onward; the current study only considers 1970 onward (6). It is
possible that additional deaths due to IHD between 1960 and 1970 may have
contributed in part to the increased SMR found in the Allen et al. study, however, this
likely played a small role in the slight differences found in the current study (6).
However, it is more likely that the differences identified between the Allen et al. study
and the current study are due to the differences in the reference rates used (6). The
Allen et al. study utilized the Life Table Analysis System (LTAS) to calculate SMRs, and
at the time of the study, the National Center for Health Statistics (NCHS) provided state-
based rates to LTAS (6, 42). For the current study, LTAS could not be used because the
agreement with NCHS changed and state-based rates were no longer available (42). As
a result, there may be slight differences between the reference rates used in this study
compared to the Allen et al. study which may contribute to the differences in SMRs
found for the underlying cause of death of IHD between the current study and the Allen
et al. study. However, despite these differences, the direction of the SMRs remained the
same for both IHD and COPD and are comparable between the Allen et al. study and

the current study.

Similar to the Allen et al. study, the current study suggests that deaths due to COPD are
not elevated among taconite workers as compared to the general Minnesota population
(6). In fact, the current study indicates that deaths due to COPD may even be reduced
among the taconite population as compared to the general Minnesota population.
However, it is possible that this perceived reduction in deaths due to COPD may be due
to the older age distribution of the current study population. That is, it is possible that
those who were born in the late 1920s may have died due to other causes more
prevalent at their time of death than COPD or IHD (i.e., competing causes of death)

which would lead to reduced estimates for both COPD and IHD, respectively, that would
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otherwise be greater in magnitude had the cohort been younger (i.e., been born on

average in the 1950s for example).

There are limitations to the current study. There are lifestyle and behavioral factors that
have been associated with deaths due to IHD and COPD. These factors include
smoking, blood pressure, and lipid abnormalities. Given that no information was
available for these particular factors and that there is uncertainty regarding the
distribution of these factors among cases and controls, it is not possible to determine
how accounting for these factors could impact the current findings of the study. That is,
accounting for these factors may lead to an increase or reduction in effect, and the

specific impact adjustment for these factors may have is unknown.

The use of death certificates to define cause of death may also under- or over-estimate
mortality due to IHD or COPD. Specifically in relation to COPD, previous studies have
found that COPD is often underreported or not reported on the death certificate all
together (29, 30, 32). Additionally, there may also be differences between ICD
definitions of disease that lead to differences in the estimates of disease burden due to
COPD or IHD. For example, Yoon and Chow determined that the odds for ICD-10 to
predict a COPD diagnosis increased between ICD-9 and ICD-10 (OR=1.16; p<0.001)
whereas those for ischemic heart disease decreased (OR=0.69; p<0.001) (43).
Although Yoon and Chow investigated prevalent diagnosis of COPD and IHD and not
mortality, their study demonstrates the differences that may occur between ICD
revisions. While the current study cannot address lack of reporting of COPD or IHD as a
cause of death on the death certificate, the study does account for the inclusion of
contributing causes of death due to COPD to address potential under-estimates of the
burden of COPD mortality.

It is also possible that the findings of the current study are further influenced by the
healthy worker effect, particularly since the causes of death of interest are chronic
diseases (IHD and COPD) (44). For those with chronic diseases, such as COPD, they
may immediately be selected out of the working population, particularly for industries for

which the exposures could potentially exacerbate those conditions. As a result, the
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workers that are selected into the working taconite population may be healthier than
those in the general population. For the current study, the healthy worker effect could, in
part, explain the reduced mortality due to COPD among taconite workers as compared
to the general Minnesota population. Further, the healthy worker effect may also be
affected by unhealthy workers being selected out of the workforce. However, given the
length of follow up for the current taconite population, which begins at the worker’s start
date and ends at the ascertainment of vital status, this is unlikely to have an effect.
Lastly, duration of employment within the taconite industry could theoretically play a role
in mortality due to IHD and COPD, due to longer exposure times. However, Allen et al.
did not find that employment duration was associated with increased death due to IHD
indicating that mortality due to IHD may not be a function of time spent within the
industry, but rather due to specific exposures (or other risk factors). Further analysis
investigating particular exposures within the taconite industry and stratifying by
employment time in production versus nonproduction positions within taconite would
help elucidate whether specific production activities within taconite result in increased

mortality.

Conclusion

The current study did not find evidence of elevated mortality due to IHD or COPD
among taconite workers as compared to the general Minnesota population based on
use of underlying cause of death alone, nor based on the combination of underlying and
contributing causes of death. While the utilization of multiple cause of death analysis did
reveal that there is potential misclassification of death due to IHD and COPD among
taconite workers, the direction of the effect were similar for both the underlying cause of
death analysis and the analysis combining underlying and contributing causes of death.
These results suggest that Minnesota’s taconite workers are not at higher risk of
mortality from IHD or COPD compared to the general population of the state. Further,
no evidence was found that suggested that the inclusion of contributing causes of death
altered the direction of previously reported associations among taconite workers as

compared to the general Minnesota population.
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Chapter 3: Ischemic Heart Disease Mortality among

Minnesota Taconite Mining Industry Workers

Introduction

Heart disease is the leading cause of death in the United States. Most deaths due to
heart disease are a result of ischemic heart disease (IHD) (23, 45, 46). IHD typically
occurs when the heart does not receive enough blood and oxygen due to the narrowing
of arteries leading to the heart, which is most commonly caused by atherosclerosis, a
buildup of plaque in the arterial wall; however IHD may also result from cardiomyopathy,
toxins, or valvular heart disease (23, 46, 47). Risk factors for atherosclerosis include
non-modifiable factors such as age, race and ethnicity, and genetics, but also include
modifiable or controllable risk factors such as abnormal lipids, smoking, physical
inactivity, hypertension, and insulin resistance (a precursor to type Il diabetes) (23, 46).
Further, those with IHD often have comorbidities including COPD, which can lead to

additional adverse health outcomes than with IHD alone (48).

In Minnesota, iron ore mining has been an integral part of the state’s economy since the
early 20" century (49). Following the depletion of the reserves of hematite iron ore, the
mining of taconite, a lower grade iron ore which requires processing for use in steel
production, became the predominant iron ore source in the latter half of the 20" century
(2). Taconite mining involves blasting rock from open pits and then crushing and
processing the rock to extract iron ore (2, 3). Concerns about health effects of
occupational exposures have led to studies of taconite miners focused on mesothelioma
and other health conditions (2, 4-10). In a previous mortality study conducted by Allen et
al., the investigators found that IHD mortality rates in this population were elevated as

compared to the Minnesota population (6).

Taconite mining and processing can result in several potentially harmful exposures,
including elongate mineral particles (EMPs), respirable silica, and respirable dust (3, 11,

25). While there have been few occupational studies investigating the role respirable
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dust (aerodynamic diameter <4um) plays in adverse IHD outcomes, there have been a
number of population-based studies that have found a relationship between increases in
PM2 (aerodynamic diameter <2.5um) and adverse cardiovascular outcomes (14, 15,
20, 50, 51).

Environmental factors such as PM2.s have been shown to initiate systemic inflammation
and oxidative stress in murine models and population-based epidemiologic studies (18-
20). Increased exposure to PMzs increases levels of cytokines and other inflammatory
proteins initiating a cascade effect that leads to increased pulmonary and systemic
inflammation, which have been identified as precursors to IHD (18, 20, 23). Further,
Kaufmann et al. determined increases in PMzs led to subsequent increases in coronary
calcification, which can be a precursor to IHD, adding to the biological plausibility of an
association between PM25 and IHD (24). Although PM2s and respirable dust are
differently sized particles of different sizes, previous work conducted by Huynh et al.
within taconite mining found that PM2.5 and respirable dust exposures within the mines
were highly correlated (25). Further, respirable dust includes respirable silica that has

also been associated with cardiovascular disease and mortality (16, 17).

To determine whether working in taconite affects IHD mortality, the current study
investigated employment duration, respirable silica, and respirable dust exposure on
IHD. In addition to the primary objective, an exploration of potential misclassification of
IHD as an underlying cause of death was also undertaken, since reliance on selely the
underlying cause of death may lead to misclassification when co-morbidities such as
COPD are present (33). Because of this concern, a secondary objective was to evaluate
the potential misclassification of IHD as an underlying cause of death by identifying
contributing causes of IHD mortality where COPD was classified as the underlying

cause of death.
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Methods

Study Design & Population

We conducted a nested case-control study within a cohort of iron mining workers. In
1983, employee records for 68,737 workers were collected from seven existing taconite
mines as part of the Mineral Resources Health Assessment Program (MRHAP), a
collaboration between the Iron Range Resources and Rehabilitation Board and the
University of Minnesota’s School of Public Health, in order to investigate the health
effects taconite workers may experience due to occupational exposures. In 2008, the
health assessment of these taconite workers was updated as part of the University of
Minnesota’s Taconite Workers Health Study (TWHS). As part of this update, the vital
status of each of the workers was obtained through 2010 by utilizing data from the
National Death Index, Social Security Administration, Minnesota Department of Health
and state death certificates for individuals who expired outside of Minnesota.
International Classification of Disease (ICD) codes that were in effect at the time of

death were used.

While the exposures of interest for this study are from taconite mining and processing,
this cohort included both hematite and taconite workers. To focus on taconite mining,
which began in the 1950s, workers who were born in 1920 or later were included in the
current study (N=46,170). Additional exclusions included cohort members whose
employment record was limited to an application (N=477), for whom vital status could
not be ascertained (N=679), and were likely not employed (e.g., those younger than 14
at the time of employment) (N=539). Further, individuals who died prior to 1960 were
also excluded (n=232) since mortality data was not as comprehensive prior to that year.
To ensure the current study focused on workers with more stable employment in the
industry (i.e., not summer workers or temporary workers), workers who worked less
than 1 year were also excluded (n=13,176). In total, cases and controls were selected

from 31,067 workers included in the current cohort.
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Selection of Cases & Controls

The primary objective was to determine the association between exposures
experienced among taconite miners (i.e., employment duration, respirable silica, and
respirable dust exposure) and IHD mortality. Given that reliance on the underlying
cause of death alone may lead to misclassification when co-morbidities such as COPD
are present, a secondary objective was to determine the potential misclassification of
IHD as an underlying cause of death by including contributing causes of IHD mortality
where COPD was classified as the underlying cause of death (26). As a result, cases
were defined in two ways based on how IHD was listed on the death certificate: 1) IHD
underlying and 2) IHD underlying/contributing. IHD underlying cases included cases
identified as IHD from the underlying cause of death listed on the death certificate. IHD
underlying/contributing cases included all IHD underlying cases in addition to IHD cases
identified as contributing causes on the death certificate with COPD as an underlying

cause on the death certificate.

As noted above, cases included all decedents with IHD as the underlying cause of
death (IHD underlying: N=2185) based on NIOSH-119 designations (Supplemental
Table 1) (41). A secondary set of IHD cases was identified where COPD was the
underlying cause of death and IHD was a contributing cause of death to explore the
potential for misclassification of IHD (IHD contributing: N=32; IHD
underlying/contributing: N=2217).

For each case, two controls were randomly selected using an incidence density
sampling scheme. The controls were selected from risk sets of all cohort members alive

at the year of death of the case and matched on birth year (+/- 2 years) and sex.

Work History Abstractions

Work history abstractions for each case and control were completed to gather

information for each workers’ employment history. These records included information

on workers’ specific job titles, their start and end dates for each position they held, and
19



the mining company (i.e., mine) for which they worked. Each workers’ job title was
standardized and then grouped into previously established similar exposure groups
(SEGs) (3, 5, 9, 12). If job and department information was not available, the job title

was assigned to an “unknown” SEG.

The SEGs were then grouped into specific departments. Additionally, for work histories
that did not have job titles, department information was used to map workers to the
appropriate department. Hwang et al. and Shao et al. created job exposure matrices
based on 8 departments including: mining, crushing, concentrating, pelletizing, shop
mobile, shop station, office/control room, and janitor (3, 12). However, for the current
study, janitors had the smallest department in the current study compared to other
groups and were assigned to shop(mobile). The current study also included 3 additional
departments: ore dressing, laborer, and unknown. Ore dressing is a department that
was not used in previous studies, but encompassed work done in both crushing and
concentrating. The laborer category included job titles that indicated the worker was in
an “assigned labor” position, for example, but did not have a specific department
identified in the employment records. The unknown category encompassed job titles
that could not be mapped to an SEG and for which the department could not be
identified, or the worker only had employment information related to the mine, but no
information on the work conducted by the worker (i.e., no job title information was

available).

Finally, while most workers worked in taconite, some workers included in the study
worked in both hematite and taconite, and some worked in only hematite. Since
exposures experienced in hematite were different than those experienced in taconite, a
final department, hematite was created to separate hematite work history from taconite
work history. If a workers’ start date for a particular job title began prior to the start of
taconite for that specific mine or if their job title indicated that they worked in hematite

(e.g., a job title of “underground”), they were assigned to a hematite department.

Exclusions to cases and controls were made if there was no evidence that an individual

worked in hematite or taconite mining. After these exclusions, if cases or controls no
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longer had at least one match, these workers were also dropped from the study. This
led to 2,105 cases and 4,061 controls for the analysis of IHD as an underlying cause of
death (i.e., IHD underlying), with only one control per case for 149 cases and two
controls per case for the remaining 1,956 cases. For the secondary analysis that
included contributing causes of IHD (i.e., IHD underlying/contributing), after these
exclusions, there were 2,135 cases and 4,119 controls remaining, with only one control

per case for 151 cases and two controls per case for the remaining 1,984 cases.

Employment Duration

To calculate employment duration, the start and end dates for each position held by
each worker for each job were used. For a particular job title, if no start or end date was
recorded, that particular job was dropped from the analyses. Similarly, if the start and
end date were the same for a particular job title, these jobs were also dropped from the
analyses. After these exclusions, all workers had a known start date for the first position
that they held within the mine. For unknown start dates with an end date, the day after
the previous job’s end date was imputed as the start date. For known start dates with
unknown end dates, the day before a subsequent job’s start date was imputed as the
end date. For known start dates with unknown end dates that served as the last position
held for a worker, the end date was imputed in two ways. For controls with an unknown
end date, the vital status date of the case was imputed as the end date. Otherwise,
December 31, 1982 was imputed as the end date since employment information was

not captured from 1983 onward.

For each worker, cumulative employment duration was calculated by adding the total
time (in years) each worker spent within a specific department (i.e., mining, crushing,
concentrating, ore dressing, pelletizing, shop mobile, shop stationary, laborer,
office/control room, and unknown). Cumulative employment duration was also
calculated for those working in hematite. Additionally, a production variable which was
the cumulative employment duration (in years) for those working in mining, crushing,

concentrating, ore dressing, and pelletizing was also created along with a non-
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production variable which was the cumulative employment duration (in years) of those

working in non-production areas (i.e., shop mobile, shop stationary, office/control room).

Respirable Dust and Respirable Silica Exposure

The mineralogical composition of the rock differs by the location of the mines in the
Mesabi Iron Range with mines in the eastern zone having a different geology than those
in the western zone, as a result, the exposures experienced due to processing these
rocks may differ (3, 11, 52, 53). To characterize respirable dust and silica exposures
within the mines, Hwang et al. collected personal air samples from active mines in the
Mesabi Iron Range including one mine in the eastern zone and five mines in the
western zone between 2010 and 2011 (3, 11, 52). Hwang et al. selected workers within
each SEG at each mine to collect samples using personal air sampling pumps (3).
Hwang et al. further classified each SEG into a department except for janitors whose

exposure profile differed from other departments (3).

Mine specific exposures collected by Hwang et al. were used by Shao et al., in addition
to historical personal and area samples, to reconstruct respirable dust and silica
exposures from 1955 to 2010 (12). The reconstructed respirable dust and silica
exposures calculated by Shao et al. were then placed into a job exposure matrix by year
(1955 to 2010), mine, and department (12).

To estimate the respirable dust and silica exposure experienced by each worker within
each department, the information collected from employment duration was combined
with the reconstructed exposure data from Shao et al. (12). Cumulative respirable dust
and silica exposure were estimated by multiplying respirable dust and silica for each
year, mine, and department by the respective employment duration identified for each
worker by year, mine, and department. The summation of these products was used to
determine cumulative exposure for each worker in (mg/m3)*years for respirable dust and

respirable silica, respectively.

22



To calculate exposures for the “unknown” department, respective mine average
estimates for all 8 departments by year were used. For those assigned to the “ore
dressing” department, exposures were calculated based on the average exposures
within the crushing and concentrating departments combined. Exposures for the laborer
category were based on the average of all non-office departments (i.e., mining,
crushing, ore dressing, concentrating, pelletizing, shops(stationary), and
shops(mobile)). Since the exposure profile of janitors differed from that of other
departments, Shao et al. grouped them into their own department (12). However, in the
current study, janitors were assigned shop(mobile) exposure. In conclusion the following
departments were utilized for respirable dust and silica exposure: mining, crushing,
concentrating, ore dressing, pelletizing, shop mobile, shop stationary, office/control

room, laborer, and unknown.

Further, in some cases, exposure data for a particular mine was not available if the mine
was a taconite mine prior to 1955. In these cases, the all mine averages by department
from 1955 were used to estimate exposures prior to 1955.

Descriptive Characteristics

Population Characteristics

For 1) the IHD underlying cause of death analysis (IHD underlying) and 2) the IHD
underlying or contributing cause of death (IHD underlying/contributing) analysis,
characteristics of cases and controls were described by average year of birth, sex
(male, female), and the ore type in which each worker worked (hematite only, taconite
only, taconite & hematite). The number of cases and controls were also described by
decade of birth.
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Employment Duration

For IHD underlying and IHD underlying/contributing analyses, employment duration was
described by the average number of cumulative years employed in any taconite or
hematite industry as well as the average number of cumulative years employed in any
department. Employment duration was also presented as the average number of
cumulative years employed in production and non-production departments

(Supplemental Table 2).

Quartiles of total employment duration in taconite and quartiles of total employment
duration in production departments were also created based on the distribution of the
cases for IHD underlying and IHD underlying/contributing, respectively (Supplemental
Table 3).

Respirable Dust and Respirable Silica Exposures

Cumulative respirable dust and respirable silica exposures were described by the
average cumulative exposure in taconite (in mg/m3*years). Separate quartiles for
cumulative respirable dust and respirable silica exposure were created based on the
distribution of the cases for both IHD underlying and IHD underlying/contributing,
respectively (Supplemental Table 3).

Regression Analyses

Conditional logistic regression was used to estimate the hazard ratios and 95%
confidence intervals to characterize the association between employment duration,
respirable dust, and respirable silica exposure with IHD mortality. Since controls were
sampled using incidence density sampling of the person-time distribution of the cohort,

the results of models can be interpreted as hazard ratios.
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Models were estimated separately for associations between employment duration, as
well as for associations between cumulative exposure for respirable dust and respirable

silica with 1) IHD underlying and 2) for IHD underlying/contributing.

Controls were selected based on birth year (+/- 2 years) and sex, limiting the possibility
of residual confounding given the close caliper matching for birth year, age, and sex.
The independent variables of employment duration and cumulative exposure for
respirable dust and respirable silica were included in each model as continuous
variables and categorical variables to describe taconite workers’ employment duration

and cumulative exposure experience.

For employment duration (in years), risk estimates were initially adjusted for number of
years spent within each department, including hematite. A separate model was created
by utilizing a continuous variable for any employment in taconite (in years) as well as
employment in hematite (in years). Lastly, a model accounting for employment duration
within production and non-production departments, as well as unknown departments

(which included the laborer department) and hematite was also created.

Employment duration was also described and modeled categorically using two models.
By using categorical designations of a continuous variable, the effect of potential
outliers on the model are reduced and it can assist in determining trends with increasing
exposures. One model categorized employment duration into five categories including
four categories representing quartiles of cumulative employment duration in taconite
and the last category representing employment within hematite only. The second model
categorized employment duration into six categories including four categories
representing quartiles for production, as well as a category for non-production only

(which included unknowns), and hematite only.

Associations between cumulative respirable dust (mg/m3*years) and respirable silica
(mg/m3*years) with IHD mortality were first accounted for by utilizing a continuous
variable for overall cumulative exposure (where hematite exposure was represented as

no exposure, i.e., 0 mg/m3*years) for each exposure, respectively.
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Unlike continuous exposure variables, categorical classifications of exposure do not
ascribe a particular exposure-response curve to the data. Further, categorization of
exposure may provide insight into potential levels of exposure at which there are no
observed adverse effects and assist in understanding whether there is an increasing
effect with increases in exposure levels. As a result, associations between cumulative
respirable dust (mg/m3*years) and respirable silica (mg/m3*years) exposures were also
described and modeled categorically. The categorical model categorized exposure into
five categories including four categories representing quartiles of cumulative respirable
dust and cumulative respirable silica, respectively, and the last category represented
those who were employed within hematite only (i.e., they had zero respirable dust or

respirable silica exposure due to work within the taconite industry).

Results

Characteristics of Cases and Controls

For IHD underlying, cases and controls were predominantly male (cases: n=2,069,
98.3%; controls: n=3,990, 98.3%) (Table 4). The distribution of employment by ore type

(i.e., hematite only, taconite only, and taconite & hematite) was similar among cases and

controls (Table 4). The average birth year for cases and controls was 1928 (Table 4).
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Table 4. Characteristics of Ischemic Heart Disease (IHD) Cases? and Controls

IHD Cases Controls
Mean SD Mean SD
Birthyear 1928 7.87 1928 7.04
N % N %
Sex
F 36 1.7 71 1.7
M 2,069 98.3 3,990 98.3
Ore Type
Hematite only 531 25.2 1,030 253
Taconite only 769 36.5 1,554 38.3
Taconite & Hematite 805 38.3 1,477 36.4
Decade of Birth
1920-1929 1,405 66.7 2,724  67.1
1930-1939 496 23.5 961 23.6
1940-1949 143 6.8 264 6.5
1950-1960 61 2.9 112 2.8

aCases are defined by IHD as an underlying cause of death

The average employment duration of those working in taconite was approximately 12
years (cases: mean=11.9 years, SD=10.0; controls: mean=12.2 years, SD=10.4) (Table
5). Of the cases who worked in taconite, the three departments with the greatest
number of workers were mining (n=815), shop mobile (n=739), and pelletizing (n=409)
(Table 5). The departments with the greatest average employment duration among
cases were office/control room (mean=7.9 years, SD=8.0), followed by mining
(mean=6.8 years, SD=8.1) and shop mobile (mean=6.8, SD=7.5) (Table 5).

Average cumulative respirable dust exposure was slightly lower among cases (2.55
mg/m3*years, SD=2.28) than controls (2.60 mg/m3*years, SD=2.38) (Table 5).
Additionally, average cumulative respirable silica was the same between cases (0.30
mg/m3*years, SD=0.29) and controls (0.30 mg/m3*years, SD=0.29) (Table 5).
Descriptive characteristics, as well as characteristics of employment and exposure,
were similar among IHD underlying/contributing cases and controls (Supplemental
Table 4).
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Table 5. Employment Duration by Industry and Department, and Cumulative Respirable Dust and Respirable
Silica Exposures, Respectively, Among Ischemic Heart Disease (IHD) Cases? and Controls

Employment Duration (in years)
Cases Controls
N Mean SD N Mean SD
By Industry®
Taconite 1,574 11.9 10.0 3,031 12.2 10.4
Hematite 1,336 53 7.0 2,507 4.6 6.1
By Department
Mining 815 6.8 8.1 1,369 6.5 8.0
Crushing 287 2.0 3.6 513 1.9 3.7
Concentrating 260 3.8 54 526 3.6 5.1
Pelletizing 409 2.6 5.1 710 3.7 6.6
Shop mobile 739 6.8 7.5 1,408 7.5 8.4
Shop stationary 333 5.8 7.4 703 6.6 7.9
Office/Control Room 130 7.9 8.0 329 8.0 8.0
Laborer 199 1.6 4.2 388 14 3.8
Ore Dressing 88 3.0 5.8 155 3.4 6.1
Unknown® 303 6.4 6.5 561 6.6 6.6
Respirable Exposures (in mg/m3*years)
IHD Cases Controls

N Mean SD N Mean SD
Respirable Dust (RD) 1,574 2.55 2.28 3,031 2.60 2.38
Respirable Silica (RS) 1,557 0.30 0.29 2,996 0.30 0.29

aCases are defined by IHD as an underlying cause of death
bTaconite represents any work in taconite & hematite represents any work in hematite; the two are not mutually
exclusive

cUnknown includes any individual who did not have a definitive job title or department (excludes laborer department)
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Regression Analyses

Employment Duration

After accounting for employment duration within each department, taconite workers who
worked in mining had a slightly elevated risk of IHD mortality for each year they worked
(HR=1.01; 95% CI = 1.00, 1.02) (Table 6). When investigating the association by
industry using cumulative years working in taconite (regardless of department) and total
years in hematite, no association was found between employment duration in taconite
and IHD (HR = 1.00; 95% CI = 0.99, 1.00) (Table 6). Cumulative employment duration
in production and non-production departments adjusting for employment in unknown
departments (including the laborer department) and hematite was also modeled. The
results suggested that non-production departments have a slightly decreased risk of
death due to IHD for each year worked in the non-production area (HR = 0.99, 95% CI =
0.98, 0.99) (Table 6). For each of the continuous models, those who worked in hematite
also experienced a slightly elevated risk of IHD mortality for each year of hematite work
(Table 6). However, no increased risk of IHD was identified for each year of work in a

production department (Table 6).
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Table 6. Risk of Ischemic Heart Disease (IHD) Mortality? due to Underlying Cause by Cumulative Employment
Duration (in years)

Cumulative Years of Employment Hazards Ratio 95% ClI
By Departments
Concentrating 1.00 0.97,1.02
Crushing 1.02 0.98, 1.05
Mining 1.01 1.00, 1.02
Office/Control Room 0.98 0.96, 1.00
Pelletizing 0.98 0.96, 1.00
Shop Mobile 0.99 0.98, 1.00
Shop Station 0.98 0.97,1.00
Ore Dressing 1.00 0.96, 1.04
Laborer® 1.00 0.96, 1.04
Unknown® 0.99 0.97, 1.01
Hematite 1.02 1.01, 1.03
By Industry?
Taconite 1.00 0.99, 1.00
Hematite 1.02 1.01, 1.03
By Production Departments
Production 1.00 1.00, 1.01
Non-Production 0.99 0.98, 1.00
Laborer® & Unknown® 0.99 0.98, 1.01
Hematite 1.02 1.01,1.03

aCases are defined by IHD as an underlying cause of death

bTaconite represents any work in taconite & hematite represents any work in hematite; the two
are not mutually exclusive

cUnknown includes any individual who did not have a definitive job title or department as well
as any workers who were in the laborer department

dTaconite represents any work in taconite & hematite represents any work in hematite; the two
are not mutually exclusive

30



Utilizing categorical variables, the current study did not identify a pattern of an increase
in mortality due to IHD underlying in any of the quartiles of taconite employment as
compared to the first quartile (Table 7). Additionally, no pattern was found for increased
risk of mortality due to IHD as the quartiles of employment duration within production
departments increased as compared to the first quartile of employment duration within
production departments (Table 7). However, there was a decreased risk of death
among non-production/unknown workers as compared to the first quartile of
employment duration among production workers (IHD underlying: HR = 0.81, 95% CI =
0.67, 0.97) (Table 7).
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Table 7. Risk of Ischemic Heart Disease (IHD) Mortality? by Quartiles of Cumulative Employment Duration (in

years)
Hazards Ratio 95% CI
Quartiles of Cumulative Employment Duration in
Taconite?
Taconite Q1 (ref)
Taconite Q2 0.94 0.79,1.11
Taconite Q3 1.11 0.94, 1.33
Taconite Q4 0.91 0.77,1.09
Hematite Only 0.99 0.84,1.17
Quartiles of Cumulative Employment Duration in
Production Departments®
Production Q1 (ref)
Production Q2 1.16 0.95,1.43
Production Q3 1.00 0.82,1.23
Production Q4 1.09 0.88, 1.34
Non-Production 0.81 0.67,0.97
Hematite Only 0.97 0.81,1.17

aCases are defined by IHD as an underlying cause of death

bMinimum and maximum values for quartiles of cumulative employment duration in taconite (in years) are as follows:
Q1=(0.003, 2.491); Q2=(2.500, 9.659); Q3=(9.670, 20.058); Q4=(20.071, 54.031)

°Minimum and maximum values for quartiles of cumulative employment duration in production departments (in years)
are as follows: Q1= (0.001, 0.975); Q2=(0.977, 3.436); Q3=(3.450, 12.016); Q4=(12.112, 45.240)
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For each of the analyses of employment duration, there were very few differences
between the estimates and confidence intervals found using IHD underlying versus IHD
underlying/contributing (Supplemental Table 5). While there were differences in the
distribution of quartiles for IHD underlying and IHD underlying/contributing
(Supplemental Table 3), the estimates and the confidence intervals found for IHD
underlying and IHD underlying/contributing in the categorical models (Table 8 and
Supplemental Table 6, respectively) followed similar patterns and were not

substantively different.

Table 8. Risk of Ischemic Heart Disease (IHD) Mortality? by Quartiles of
Cumulative Exposure to Respirable Dust and Respirable Silica (in
mg/m3*years)

Quartiles of Cumulative Respirable

Dust Exposure® Hazards Ratio 95% Cl

RD Q1 (ref)

RD Q2 1.00 0.84, 1.19
RD Q3 1.03 0.86, 1.22
RD Q4 0.99 0.83, 1.19
Hematite Only 1.01 0.86, 1.20

Quartiles of Cumulative Respirable
Silica Exposure®

RS Q1 (ref)

RS Q2 0.96 0.81,1.14
RS Q3 1.07 0.90, 1.27
RS Q4 1.13 0.94, 1.34
Hematite Only 1.05 0.89, 1.24

aCases are defined by IHD as an underlying cause of death

bMinimum and maximum values for quartiles of cumulative respirable dust
(in mg/m3*years) are as follows: Q1=(0.001, 0.622); Q2=(0.623, 1.950);
Q3=(1.952, 3.879); Q4=(3.879, 14.228)

°Minimum and maximum values for quartiles of cumulative respirable
silica (in mg/m3*years) are as follows: Q1=(0.000, 0.072); Q2=(0.072,
0.233); Q3=(0.233, 0.457); Q4=(0.457, 1.837)

Respirable Dust

Cumulative respirable dust exposure (in mg/m3*years) was not associated with

increased risk of death due to IHD among taconite workers (IHD underlying: HR = 0.99;
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95% CI = 0.97, 1.02) (Table 9). When investigating quartiles of respirable dust
exposure, increasing quartiles of exposure, as compared to the first quartile, did not
indicate an increased risk of death due to IHD (Table 8). Further, the estimates and
confidence intervals found for the association between respirable dust and IHD
underlying or IHD underlying/contributing did not substantively differ (Supplemental
Table 5 and Supplemental Table 6).

Table 9. Risk of Ischemic Heart Disease (IHD) Mortality? by Cumulative Exposure
to Respirable Dust and Respirable Silica

Cumulative Exposure Hazards Ratio 95% CI
((mg/m3)*years)

Respirable Dust (RD) 0.99 0.97,1.02
Respirable Silica 1.02 0.84,1.24

aCases are defined by IHD as an underlying cause of death

Respirable Silica

Increases in cumulative respirable silica exposure (in mg/m3*years) per year did not
suggest increased risk of death due to IHD among taconite workers (HR = 1.02, 95% CI
= 0.84, 1.24) (Table 9). Risk of death due to IHD appeared to increase with increasing
quartiles of silica exposure compared to the first quartile of exposure, but the estimates
were included the null value (Table 8). The estimates and confidence intervals found for
the association between respirable silica and IHD underlying or IHD
underlying/contributing were similar and followed similar patterns (Supplemental Table

5 and Supplemental Table 6).

Discussion

Although Allen et al. found an increased risk of death due to IHD among this taconite
mining cohort as compared to the general Minnesota population, the current study did
not find evidence of an association between employment duration, cumulative

respirable dust exposure, or cumulative respirable silica exposure and IHD mortality (6).
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Additionally, based on the current analyses, those who work in non-production
departments (i.e., shop mobile, shop stationary, office/control room) appear to have a
decreased risk of IHD mortality indicating that exposures in the non-production
departments may markedly differ from those in production areas. However, despite
these findings, there are risk factors that were not accounted for in this study that could
impact IHD mortality in this population. For example, smoking, lipids, hypertension,
physical inactivity, and genetics are all risk factors for IHD (23, 46). Using a nested
case-control design among a similar population of taconite workers, Allen et al.
previously suggested that without an adjustment for smoking, associations between
exposures including EMPs and respirable silica with health outcomes may be
overestimated (5). However, the smoking history of the current study population remain
unknown. As a result, given that the smoking history and medical history of the current
population is unknown, it is unclear whether the estimates may be differentially or non-
differentially affected and it is additionally unclear in which direction the estimate may be

driven if smoking and/or medical history was accounted for.

Population-based studies generally utilize measures of particulate matter rather than
respirable dust. However, particulate matter and respirable dust share similarities in size
and within taconite mining, the two exposures have demonstrated a strong correlation
(25). Previous population-based studies have suggested a relationship between
particulate matter and cardiovascular outcomes including IHD (Supplemental Table 7)
(14, 15, 20). However, similar to the many of the findings in the current study, some
studies do not suggest an association (54-56). In recent studies by Rodins et al.,
Ljungman et al., and Thurston et al., no associations were found between particulate

matter and ischemic heart disease (54-56).

Rodins et al. conducted a prospective population-based study in Germany among 4,105

participants between 45 and 76 years of age at baseline to investigate the association

between long-term exposure to particulate matter, including PM2.5, and risk of the first

occurrence of stroke, coronary heart disease (i.e., IHD), and total cardiovascular events

(i.e., stroke and IHD) among study participants followed from 2000 to 2014 using Cox

proportional hazards regression (55). Baseline data was collected between 2000 and
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2003 and follow up measures were collected at two time points in 2006 to 2008 as well
as 2011 to 2015. Residential addresses were used to assign each participant an
average concentration of PMz at baseline (2001-2003) and follow-up (2006-2008). The
maximum average PM2.s exposure at baseline was 22.10 ug/m3. After controlling for
covariates including age, sex, education, employment status, marital status,
neighborhood socio-economic status, body mass index, smoking, alcohol consumption,
physical activity, nutritional pattern, and nighttime traffic noise exposure, the authors
identified an increased risk of stroke per IQR increase of PM25 (HR=1.39; 95%CI=1.03,
1.84). However, they did not identify an association between IHD and PM25s (HR=0.89;
95%CI=0.75, 1.05).

Findings were similar in a study by Ljungman et al. among 114,758 participants who
were between 9 and 92 years old at baseline in a multi-cohort study of Swedish
residents between 1990 and 2011 (54). The authors investigated the association
between air pollutants, including ambient PM2.5, with hospitalization or mortality due to
stroke and IHD. Ljungman et al. evaluated the association between ambient PM2.5 and
IHD for three different exposure periods: exposure the same year of the event, 1 to 5
years preceding the event, and 6 to 10 years preceding the event. While the authors
identified positive associations between ambient PM2s for the same year of the event as
well as 1 to 5 years preceding the event the confidence interval included the null value
for both estimates, and no association was identified between ambient PM2.s and IHD

hospitalization or mortality for 6 to 10 years preceding the IHD event.

Additionally, Thurston et al. investigated the association between air pollutants and IHD
mortality between 1982 and 2004 among 445,860 adults who were at least 30 years of
age at baseline across 100 U.S. metropolitan areas (56). PM2.5 data were collected for
2000 to 2005 based on the metropolitan statistical area of each participant and were
used to estimate average exposure for individuals from 1982 to 2004. Using the fully
adjusted model with random effects, the authors determined that for every quartile
increase (i.e., 3.145 ug/m?®) in PM2s, the rate of death due to IHD increased by 3%, but
the estimate included the null (HR=1.03; 95%CI=1.00, 1.06). Using source
apportionment analysis to determine the constituents present in PM2.5, the authors

36



determined that the association was driven by constituents including arsenic (HR=1.04;
95%Cl1=1.02, 1.06), lead (HR=1.03; 95%CI=1.01, 1.04), and selenium (HR=1.03;
95%Cl=1.01, 1.06), as well as by coal combustion (HR=1.03; 95%CI=1.01, 1.05).

Although the findings of Rodins et al., Ljungman et al., and Thurston et al. align with the
findings of the current study, the exposures experienced in each of these previous
studies do not reflect the exposures experienced in taconite mining in magnitude nor in
composition (57, 58). While Rodins et al. determined an association between increases
in particulate matter and stroke, strokes affect small vessels whereas IHD is a disease
of the large vessels. As a result, Rodins et al. findings may reflect the differing
pathological effects PM2.s has on small vessels (i.e., stroke) as compared to large
vessels (i.e., IHD). Additionally, for Rodins et al. and Thurston et al., the authors did not
use cumulative exposure, but rather an average concentration of PMz.5 to determine
risk. As a result, individuals who may have experienced greater exposures over time
were not appropriately accounted for, nor were the effects of potential acute exposures
able to be captured. Rodins et al. and Thurston et al. also used exposure
measurements taken at the area level near participants’ residential address which may
not accurately reflect participants’ real experiences if they had exposures outside of the
area in which they lived. Unlike the Ljungman et al. study, the current study does not
explore the effect of recent windows of exposure (e.g., same year of the eventor 1to 5
years preceding the event). For the current study, the last exposures were recorded on
December 31, 1982 and any subsequent exposures experienced by the workers until
their vital status date or the end of follow up in 2010 were not recorded. However, recent
windows of exposure may be more appropriate for exploring impacts of PM2.5 on
hospitalization and/or IHD incidence, whereas longer term, cumulative exposures may
be more appropriate for understanding the impact on mortality since mortality may arise
due to a culmination of air pollution effects, age, disease severity and comorbidities
(54).

Occupational studies have also been conducted to investigate the effects of particulate
matter on cardiovascular outcomes (Supplemental Table 7) (16, 59). Costello et al.
investigated the effect of particles (i.e., PMss) generated from the aerosols of three
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classes of metalworking fluid (i.e., straight, soluble, and synthetic classes) on IHD
mortality among an occupational cohort of metalworkers (59). Unlike soluble and
synthetic metalworking fluid, straight metalworking fluid contains polycyclic aromatic
hydrocarbons (PAHs), which are associated with adverse cardiovascular outcomes (59).
The authors reported an increase in IHD mortality related to cumulative exposure to
straight metalworking fluid PMss from 1941 to 1994 (highest exposure quantile (>2.77
mg/m3) HR=1.53; 95%CI|=1.15, 2.05) as well as from 1971 to 1994 (highest exposure
quantile (>3.40 mg/m3) HR=1.64; 95%CI=1.12, 2.41) using employed person-time. No
associations were found between straight metalworking fluid PMss and IHD mortality
from 1941 to 1970. Costello et al. attributed the association between cumulative
exposure of straight metalworking fluid PMs 5 and IHD mortality to the presence of
PAHSs, which is not present in soluble or synthetic metalworking fluid PMs.s. However, no
trend was found between increased exposure to straight metalworking PMs .5 and
increased IHD mortality. Further, the composition of particulate matter in metalworking
differs from the composition of particulate matter and respirable dust within the taconite
industry (57, 58). As a result, the findings of Costello et al. may not be comparable to

those found among taconite workers.

Neophytou et al. investigated the risk of a first IHD event (i.e., first occurrence of IHD
whether death or incidence) due to PM2.s exposure among aluminum fabricators and
smelters (60). Using a traditional Cox model, the authors found that smelting and
fabricating experienced similar risk of IHD, despite the higher exposure among smelters
(fabricators: HR= 1.24; 95%Cl= 0.92, 1.68; smelters: (approximated from Figure 2)
HR=1.60; 95%CI=1.1, 2.5) (60). To determine whether the presence of time-varying
confounding was the cause of the null association among smelters, the authors utilized
marginal structural models (MSMs) to account for changes in health status that affected
subsequent exposure and, as a result, incident IHD. The authors found that when
utilizing MSMs, the risk of incident IHD increased among smelters (HR=1.98; 95%Cl=
1.18, 3.32), indicating the presence of the healthy worker survivor effect (HWSE).
However, utilizing MSMs resulted in a similar estimate for fabricators (HR= 1.34;
95%CI=0.98, 1.83). Similarly, in the present study, it is possible that the HWSE has

38



attenuated the association between respirable dust and IHD. However, the present
study lacks information on health status, which prevents conducting an analysis (e.g.,
using MSMs) that may account for time-varying confounding. Additionally, the current
study focuses on mortality, but given that Neophytou et al. combined both incident
cases and cases of mortality due to IHD, the estimates presented in the Neophytou et

al. paper may be greater than what would be expected from a study of mortality alone.

In addition to the effects of respirable dust on IHD mortality among taconite workers in
Minnesota, the current study also explored the effect of respirable silica on IHD
mortality. In an animal study, silica exposure elicited pulmonary inflammation and
damage that increased over time along with the development of fibrosis even after silica
exposure had ceased (61). Another animal study also found an increase in inflammatory
markers (e.g., C-reactive protein, interleukin-6) after intratracheal installation of ultrafine
silica nanoparticles in rats and determined that plasma levels of D-dimer and
endothelin-1 (ET-1), which are related to cardiovascular effects including myocardial
infarction and atherosclerosis, were increased even after exposure to low
concentrations of silica particles (62). However, epidemiologic studies investigating the

effects of silica components in respirable dust have found varying results.

Lai et al. investigated the association between cumulative respirable silica and a variety
of mortality outcomes, including IHD, among an occupational cohort of Chinese iron
miners (63). The authors collected retrospective on a total of 7,665 workers who were
followed from 1960 until 2012. Respirable dust concentrations in the mine were
collected monthly by the Chinese government. The authors used data collected from a
field study that determined the percentage of silica present in the respirable dust to
estimate historical silica exposures and then used a JEM to estimate silica
concentrations for each worker over time and calculate each worker’s cumulative
exposure to respirable silica. The authors also collected data on smoking. Using Cox
proportional hazard models and adjusting for gender, year at hire, age at hire, and
smoking, the study found a positive association with IHD mortality and an increase of 1
mg/m3*year increase in cumulative respirable silica, however, the 95% confidence
interval included the null value (HR=1.134; 95%CI1=0.990, 1.298). Associations were
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also explored for quartiles of silica exposure (i.e., unexposed, low (0.4935 mg/m3*y or
below), medium (0.4935 to 0.8423 mg/m3*y), high (0.8423 mg/m3*y or above)) in
comparison to those who were unexposed. The authors did not find a precise
association for the lowest quartile of cumulative silica exposure (HR=1.190;
95%CI=0.738, 1.918). However, there was an increased risk of IHD mortality found
among workers within the medium (HR=1.538;95%CI1=1.063, 2.226) and high quartiles
(HR=1.781; 95%CI1=1.281, 2.476) of silica exposure and the trend between low,
medium, and high quartiles of exposure was significant (p<0.001). While the authors
identified an association in the medium and high quartiles of respirable silica exposure,
the cumulative exposures experienced by Chinese iron miners differed from those
experienced by Minnesota taconite miners. Although the range of exposures within the
Chinese miners is like the range within Minnesota taconite miners, a larger proportion of
Chinese miners experienced higher exposures to respirable silica than found among
Minnesota taconite miners. As a result, it is not unusual that even within the highest
quartile of the current study among Minnesota taconite miners, no association was
found, but within the medium and high exposure groups of the Lai et al (2018) study,
associations between cumulative respirable silica and IHD were identified. Additionally,
for the current study, no adjustments for smoking were made, but if the adjustment had

been made, the estimates would likely be further attenuated.

In a study conducted by Wang et al. among metal mines and pottery factories in China,
the association between cumulative respirable silica exposure and cigarette smoking
with mortality was explored among 44,708 workers (64). Using data collected on
employees’ work histories from 1950 through 2003 and historical and current silica
concentrations a job exposure matrix was developed to determine each individual’s
cumulative respirable silica dust exposure (mg/m3*years). Smoking histories were
collected in 1986, 1995, and 2004 or from colleagues or next of kin to determine
smoking status (ever/never). Mortality was based on ICD-10 codes. Hazard ratios and
95%Cls were calculated using Cox proportional hazards models between cumulative
silica exposure and selected causes of death after adjusting for sex, year of hire, age at

hire, type of facility, and smoking history. Cumulative respirable silica exposure was
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divided into tertiles (low, medium, and high). Compared to those who were never
exposed to silica dust, there was not an increased risk of ischemic heart disease among
those who had been exposed to low (0 to 1.056 mg/m3*years; HR=1.20; 95%CI|=0.94,
1.55), medium (1.057 to 3.925 mg/m3*years; HR=1.21; 95%CI|=0.95, 1.54) or high
(>3.925 mg/m3**years; HR=0.77; 95%CI|=0.58, 1.01) levels of silica dust, respectively,
after controlling for sex, year at hire, age at hire, type of facility, and smoking intensity.
Wang et al. also investigated a non-linear relationship between cumulative respirable
silica exposure and cardiovascular disease mortality using a spline model and found
that risk of cardiovascular disease mortality increased with increasing silica exposure.
However, the relationship between cumulative silica exposure and ischemic heart
disease was not reported. Further, while an increased risk was found between
cumulative respirable silica dust exposure with cardiovascular disease mortality, the
association was largely driven by the association between silica dust and pulmonary
heart disease mortality, not ischemic heart disease mortality. Additive interaction
between silica exposure and smoking with mortality due to ischemic heart disease was

not identified (relative excess risk due to interaction=-0.17; 95%CI=-0.95, 0.81).

Liu et al. conducted a meta-analysis of occupational studies to assess the association
between respirable silica and heart disease, including IHD. The authors identified 14
studies investigating the association between respirable silica and IHD between
January 1995 and June 2019 and found a modest association, however, this
association included the null (meta-RR=1.07; 95%CI=1.00, 1.16). As in the current
study, the association found was slightly increased. Thurston et al. also explored the
association between components of PMzs, including silica, and IHD mortality, but did
not find an association between interquartile increases of silica (IQR=42.9) and IHD
mortality (HR=0.99; 95%CI=0.97, 1.02).

Although the current study did not identify an association between respirable dust or
silica with IHD, there were limitations. While exposure estimates for respirable dust and
respirable silica were reconstructed using available historical data and personal
sampling data, exposure data was not collected for all SEGs and gaps in historical

exposure data existed (3, 58). Additionally, to reconstruct historical data, a regression
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model and imputation were used and a linear trend in historical exposure was assumed
(58). Given the incomplete exposure data and the assumption of a historical linear

trend, it is possible that exposures were misclassified.

It is also possible that misclassification of job titles may have also occurred. Although
work history records were standardized to the extent possible, job titles within the
employment record were often incomplete or difficult to interpret. As a result, it is
possible that job titles were assigned to the incorrect SEG, and therefore the incorrect
department resulting in employment duration and exposure misclassification. However,
this misclassification was likely non-differential (i.e., it was unrelated to being a case or

control).

Despite the limitations of the exposure data in the current study, employment duration
data are less likely to be biased and may serve as a proxy for exposures that are
present within taconite mining, including exposures related to respirable dust and
respirable silica. However, results between employment duration and IHD mortality were
similar to those using exposure data in the current study, i.e., there was little evidence of

an association between employment duration and IHD mortality.

Studies have demonstrated that IHD mortality increases with high temperatures as well
as with low temperatures (65). However, the current study does not consider effects of
temperature (heat or cold) or noise despite both potentially playing a role in mortality
due to IHD. Additionally, Davies et al. also identified occupational noise as a potential
risk factor for IHD mortality and the current study does not adjust or consider the role of

occupational noise in relation to IHD mortality (66).

Additionally, smoking was not adjusted for in the analyses. Based on a previous study
among a similar population of taconite workers, Allen et al. determined that smoking
status differed based on exposure status and it is likely that in the current study that
may be the case as well. Specifically, more exposed workers may be more likely to
smoke than those who experienced less exposure and given the time period, smoking
was also more prevalent. Further, smoking is also associated with the outcome (i.e.,
IHD mortality). Although it is possible that this would bias the results toward the null if
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unmeasured confounding due to smoking was present, given that smoking history was
not collected for all participants in the current study, the direction of bias remains

unknown.

One potential reason the current study did not identify an association between
respirable dust or respirable silica with IHD mortality may be due to the healthy hire
effect. That is, individuals who were placed in jobs that were more highly exposed were
healthier than those who were placed in lower exposure jobs; therefore, there may not
be an association among highly exposed individuals since they were already at lower
risk for IHD mortality. Despite lack of information on lifestyle, there was information on
department, and no significant differences were observed by department indicating that

it is possible that the healthy hire effect did not impact the results of this study.

The current study also had a number of strengths. This is the first study to investigate
the relationship between respirable dust and respirable silica with IHD mortality within
this taconite cohort. Despite evidence that exists linking fine particulate matter to
increased cardiovascular disease morbidity and mortality in population-based studies,
few studies have investigated the extent to which fine particulate matter or respirable
dust, which are closely correlated within the current study population, contribute to
cardiovascular outcomes within occupational cohorts (15, 16, 25, 51). However,
population-based studies are often limited to the use of ambient measures of PM25 that
are generally limited to large areas such as census tracts or county-level measures
within which there can be high variation in exposure. Additionally, population-based
studies are generally cross-sectional whereas the current study utilizes a large cohort
with exposure metric estimates that have been modeled over time and are informed by
both personal and historical samples. As a result, unlike population-based studies that
focus on short periods of exposure, the current study provides an opportunity to
determine the potential effects of cumulative exposure to respirable dust over an

individual’'s entire work history.

When underlying causes of death are due to chronic diseases that may have co-

occurring comorbidities, utilizing the contributing cause of death may provide additional

43



insight into the effect of working in taconite on IHD mortality (33). Although
misclassification of the underlying cause of death is possible when chronic diseases
such as COPD and IHD are comorbidities, given the similarity of results between IHD
underlying and IHD underlying/contributing, there is little evidence of misclassification of
IHD within the current cohort between the use of underlying or contributing causes of
death.

Further, the study sample was large and as a result the estimates were generally
precise when estimating the effects of exposures associated with IHD mortality. Lastly,
despite the difficulties with work history abstractions and job titles, relying on work
histories to define worker’s exposure eliminates the potential for recall bias if instead

workers or their families had been questioned about their roles in taconite mining.

Conclusion

The current study did not identify associations between IHD mortality and employment
duration or exposures within taconite mining. Although miners experience unique
exposures that often occur at higher levels than the general population, the results of
this study suggest that occupational factors are unlikely to lead to increased IHD

mortality.
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Chapter 4: Chronic Obstructive Pulmonary Disease Mortality

among Minnesota Taconite Mining Industry Workers

Introduction

Chronic obstructive pulmonary disease (COPD) is classified as a group of diseases
including emphysema and chronic bronchitis that cause airflow obstruction (22, 46, 67).
Although smoking is a primary risk factor for COPD development and progression, other
risk factors include environmental and occupational air pollutants as well as genetic
factors, age, and prior respiratory infections (22, 46, 67). Moreover, COPD often occurs
concurrently with ischemic heart disease (IHD), and individuals with COPD and
comorbid IHD experience greater adverse health effects (e.g., breathlessness, lowered

exercise capacity, and poorer health status) than those with COPD alone (22, 68, 69).

In Minnesota, iron ore mining has been an integral part of the state’s economy since the
early 20" century (49). Following the depletion of high-grade hematite iron ore, the
mining of taconite, a lower grade iron ore which requires processing for use in steel
production, became the predominant iron ore source for North America in the latter half
of the 20" century (2). Taconite mining involves blasting rock from open pits and then
crushing and processing the rock in order to extract iron ore (2, 3). Since taconite
mining and processing can result in several potentially harmful exposures, including
elongate mineral particles (EMPs), respirable silica, and respirable dust, concerns about
health effects of occupational exposures have led to studies of taconite miners (2, 4-10).
Although a previous mortality study among this population did not demonstrate
increased mortality due to COPD using standardized mortality ratios (SMRs)
(SMR=0.98; 95%CI1=0.88, 1.09), a more recent study among iron foundry workers
identified an association between COPD morbidity and respirable dust and respirable
silica standardized incidence ratios (SIRs) (6). Additional occupational studies among
varying industries have found associations between respirable dust (aerodynamic
diameter <4um) and respirable silica with COPD and IHD outcomes (14, 15, 20, 50, 51).

Further, exposure to amphibole and non-amphibole elongate mineral particles (EMPs)
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has also been identified among the current cohort of taconite miners and may be

included as a component of respirable dust (11, 27).

Environmental factors such as PM2.s have also been associated with COPD and have
been shown to initiate systemic inflammation and oxidative stress in murine models. In
population-based epidemiologic studies, PM2.5 has been found to alter pulmonary
vasculature leading to the development of COPD (18-20). Although PM2zs and respirable
dust are different sized particles, previous work conducted by Huynh et al. within
taconite mining found that PM2.5 and respirable dust exposures within the mines were
highly correlated (25).

To determine whether working in taconite affects COPD mortality, the current study
investigated the effects of employment duration, respirable silica, and respirable dust
exposure on mortality related to COPD. In addition to the primary objective, an
exploration of potential misclassification of COPD as an underlying cause of death was
also undertaken since reliance on solely the underlying cause of death may lead to
misclassification when co-morbidities such as IHD are present (33). Because of this
concern, a secondary objective was to evaluate the potential misclassification of COPD
as an underlying cause of death by identifying contributing causes of COPD mortality

where IHD was classified as the underlying cause of death.

Methods

Study Design & Population

We conducted a nested case-control study within a cohort of iron mining workers. In
1983, employee records for 68,737 workers were collected from seven existing taconite
mines as part of the Mineral Resources Health Assessment Program (MRHAP), a
collaboration between the Iron Range Resources and Rehabilitation Board and the
University of Minnesota’s School of Public Health, to investigate the health effects

taconite workers may experience due to occupational exposures. In 2008, the health
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assessment of these taconite workers was updated as part of the University of
Minnesota’s Taconite Workers Health Study (TWHS). As part of this update, the vital
status of each of the workers was obtained through 2010 by utilizing data from the
National Death Index, Social Security Administration, Minnesota Department of Health
and state death certificates for individuals who expired outside of Minnesota.
International Classification of Disease (ICD) codes that were in effect at the time of

death were used.

While the exposures of interest for this study are from taconite mining and processing,
this cohort included both hematite and taconite workers. To focus on taconite mining,
which began in the 1950s, workers who were born in 1920 or later were included in the
current study (N=46,170). Additional exclusions included cohort members whose
employment record was limited to an application (N=477), for whom vital status could
not be ascertained (N=679), and were likely not employed (e.g., those younger than 14
at the time of employment) (N=539). Further, individuals who died prior to 1960 were
also excluded (n=232) since mortality data was not as comprehensive prior to that year.
To ensure the current study focused on workers with more stable employment in the
industry (i.e., not summer workers or temporary workers), workers who worked less
than 1 year were also excluded (n=13,176). In total, cases and controls were selected

from 31,067 workers included in the current cohort.

Selection of Cases & Controls

The primary objective was to determine the association between several work
characteristics among taconite miners (i.e., employment duration, respirable silica, and
respirable dust exposure) and COPD mortality. Given that reliance on the underlying
cause of death alone may lead to misclassification when co-morbidities such as IHD are
present, a secondary objective was to determine the potential misclassification of COPD
as an underlying cause of death by including contributing causes of COPD mortality
where IHD was classified as the underlying cause of death (26). As a result, cases were
defined in two ways based on how COPD was listed on the death certificate: 1) COPD
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underlying and 2) COPD underlying/contributing. COPD underlying cases included
cases identified as COPD from the underlying cause of death listed on the death
certificate. COPD underlying/contributing cases included all COPD underlying cases in
addition to COPD cases identified as contributing causes on the death certificate with

IHD as an underlying cause on the death certificate.

As noted above, cases included all decedents with COPD as the underlying cause of
death (COPD underlying: N=363) based on NIOSH-119 designations (Supplemental
Table 1) (41). A secondary set of COPD cases was identified where IHD was the
underlying cause of death and COPD was a contributing cause of death to explore the
potential for misclassification of COPD (COPD contributing: N=136; COPD
underlying/contributing: N=499).

For each case, two controls were randomly selected using an incidence density
sampling scheme. The controls were selected from risk sets of all cohort members alive

at the year of death of the case and matched on birth year (+/- 2 years) and sex.

Work History Abstractions

Work history abstractions for each case and control were completed to gather
information for each workers’ employment history. These records included information
on workers’ specific job titles, their start and end dates for each position they held, and
the mining company (i.e., mine) for which they worked. Each workers’ job title was
standardized and then grouped into previously established similar exposure groups
(SEGs) (3, 5, 9, 12). If job and department information was not available, the job title

was assigned to an “unknown” SEG.

The SEGs were then grouped into specific departments. Additionally, for work histories
that did not have job titles, department information was used to map workers to the
appropriate department. Hwang et al. and Shao et al. created job exposure matrices
based on 8 departments including: mining, crushing, concentrating, pelletizing, shop

mobile, shop station, office/control room, and janitor (3, 12). However, for the current
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study, janitors had the smallest department in the current study compared to other
groups and were assigned to shop(mobile). The current study also included 3 additional
departments: ore dressing, laborer, and unknown. Ore dressing is a department that
was not used in previous studies, but encompassed work done in both crushing and
concentrating. The laborer category included job titles that indicated the worker was in
an “assigned labor” position, for example, but did not have a specific department
identified in the employment records. The unknown category encompassed job titles
that could not be mapped to an SEG and for which the department could not be
identified, or the worker only had employment information related to the mine, but no
information on the work conducted by the worker (i.e., no job title information was

available).

Finally, while most workers worked in taconite, some workers included in the study
worked in both hematite and taconite, and some worked in only hematite. Since
exposures experienced in hematite were different than those experienced in taconite, a
final department, hematite was created to separate hematite work history from taconite
work history. If a workers’ start date for a particular job title began prior to the start of
taconite for that specific mine or if their job title indicated that they worked in hematite

(e.g., a job title of “underground”), they were assigned to a hematite department.

Exclusions to cases and controls were made if there was no evidence that an individual
worked in hematite or taconite mining. After these exclusions, if cases or controls no
longer had at least one match, these workers were also dropped from the study. This
led to 349 cases and 669 controls for the analysis of COPD as an underlying cause of
death (i.e., COPD underlying), with only one control per case for 29 cases and two
controls per case for the remaining 320 cases. For the secondary analysis that included
contributing causes of COPD (i.e., COPD underlying/contributing), after these
exclusions, there were 483 cases and 929 controls remaining, with only one control per

case for 37 cases and two controls per case for the remaining 446 cases.
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Employment Duration

To calculate employment duration, the start and end dates for each position held by
each worker for each job were used. For a particular job title, if no start or end date was
recorded, that particular job was dropped from the analyses. Similarly, if the start and
end date were the same for a particular job title, these jobs were also dropped from the
analyses. After these exclusions, all workers had a known start date for the first position
that they held within the mine. For unknown start dates with an end date, the day after
the previous job’s end date was imputed as the start date. For known start dates with
unknown end dates, the day before a subsequent job’s start date was imputed as the
end date. For known start dates with unknown end dates that served as the last position
held for a worker, the end date was imputed in two ways. For controls with an unknown
end date, the vital status date of the case was imputed as the end date. Otherwise,
December 31, 1982 was imputed as the end date since employment information was

not captured from 1983 onward.

For each worker, cumulative employment duration was calculated by adding the total
time (in years) each worker spent within a specific department (i.e., mining, crushing,
concentrating, ore dressing, pelletizing, shop mobile, shop stationary, laborer,
office/control room, and unknown). Cumulative employment duration was also
calculated for those working in hematite. Additionally, a production variable which was
the cumulative employment duration (in years) for those working in mining, crushing,
concentrating, ore dressing, and pelletizing was also created along with a non-
production variable which was the cumulative employment duration (in years) of those

working in non-production areas (i.e., shop mobile, shop stationary, office/control room).

Respirable Dust and Respirable Silica Exposure

The mineralogical composition of the rock differs by the location of the mines in the
Mesabi Iron Range with mines in the eastern zone having a different geology than those

in the western zone, as a result, the exposures experienced due to processing these
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rocks may differ (3, 11, 52, 53). To characterize respirable dust and silica exposures
within the mines, Hwang et al. collected personal air samples from active mines in the
Mesabi Iron Range including one mine in the eastern zone and five mines in the
western zone between 2010 and 2011 (3, 11, 52). Hwang et al. selected workers within
each SEG at each mine to collect samples using personal air sampling pumps (3).
Hwang et al. further classified each SEG into a department except for janitors whose

exposure profile differed from other departments (3).

Mine specific exposures collected by Hwang et al. were used by Shao et al., in addition
to historical personal and area samples, to reconstruct respirable dust and silica
exposures from 1955 to 2010 (12). The reconstructed respirable dust and silica
exposures calculated by Shao et al. were then placed into a job exposure matrix by year
(1955 to 2010), mine, and department (12).

To estimate the respirable dust and silica exposure experienced by each worker within
each department, the information collected from employment duration was combined
with the reconstructed exposure data from Shao et al. (12). Cumulative respirable dust
and silica exposure were estimated by multiplying respirable dust and silica for each
year, mine, and department by the respective employment duration identified for each
worker by year, mine, and department. The summation of these products was used to
determine cumulative exposure for each worker in (mg/m?3)*years for respirable dust and

respirable silica, respectively.

To calculate exposures for the “unknown” department, respective mine average
estimates for all 8 departments by year were used. For those assigned to the “ore
dressing” department, exposures were calculated based on the average exposures
within the crushing and concentrating departments combined. Exposures for the laborer
category were based on the average of all non-office departments (i.e., mining,
crushing, ore dressing, concentrating, pelletizing, shops(stationary), and
shops(mobile)). Since the exposure profile of janitors differed from that of other
departments, Shao et al. grouped them into their own department (12). However, in the

current study, janitors were assigned shop(mobile) exposure. In conclusion the following
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departments were utilized for respirable dust and silica exposure: mining, crushing,
concentrating, ore dressing, pelletizing, shop mobile, shop stationary, office/control

room, laborer, and unknown.

Further, in some cases, exposure data for a particular mine was not available if the mine
was a taconite mine prior to 1955. In these cases, the all mine averages by department
from 1955 were used to estimate exposures prior to 1955.

Descriptive Characteristics

Population Characteristics

For 1) the COPD underlying cause of death analysis (COPD underlying) and 2) the
COPD underlying or contributing cause of death (COPD underlying/contributing)
analysis, characteristics of cases and controls were described by average year of birth,
sex (male, female), and the ore type in which each worker worked (hematite only,
taconite only, taconite & hematite). Characteristics were also described for each case

and control by decade of birth.

Employment Duration

For COPD underlying and COPD underlying/contributing analyses, employment
duration was described by the average number of cumulative years employed in any
taconite or hematite industry as well as the average number of cumulative years
employed in any department. Employment duration was also presented as the average
number of cumulative years employed in production and non-production departments

(Supplemental Table 8).

Quartiles of total employment duration in taconite and quartiles of total employment
duration in production departments were also created based on the distribution of the
cases for COPD underlying and COPD underlying/contributing, respectively
(Supplemental Table 9).
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Respirable Dust and Respirable Silica Exposures

Cumulative respirable dust and respirable silica exposures were determined for cases
and controls by the combined exposures to these dusts for each SEG worked {in
mg/m3*years). Separate quartiles for cumulative respirable dust and respirable silica
exposure were created based on the distribution of the exposure for cases for both
COPD underlying and COPD underlying/contributing, respectively (Supplemental
Table 9).

Regression Analyses

Conditional logistic regression was used to estimate the hazard rations (HR) and 95%
confidence intervals to characterize the association between employment duration,
respirable dust, and respirable silica exposure with COPD mortality. Since controls were
obtained using incidence density sampling, risk sets were created, and as a result, the
estimates from the models of this case control study can be interpreted as hazard

ratios.

Models were estimated separately for associations between employment duration, as
well as for associations between cumulative exposure for respirable dust and respirable

silica with 1) COPD underlying and 2) for COPD underlying/contributing.

Controls were selected based on birth year (+/- 2 years) and sex, limiting the possibility
of residual confounding given the close caliper matching for birth year, age, and sex.
The independent variables of employment duration and cumulative exposure for
respirable dust and respirable silica were included in each model as continuous
variables and categorical variables to describe taconite workers’ employment duration

and cumulative exposure experience.

For employment duration (in years), risk estimates were initially adjusted for number of
years spent within each department, including hematite. A separate model was created

by utilizing a continuous variable for any employment in taconite (in years) as well as
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employment in hematite (in years). Lastly, a model accounting for employment duration
within production and non-production departments, as well as unknown departments

(which included the laborer department) and hematite was created.

Employment duration was also described and modeled categorically using two models.
By using categorical designations of a continuous variable, the effect of potential
outliers on the model are reduced and it can assist in determining trends with increasing
exposures. One model categorized employment duration into five categories including
four categories representing quartiles of cumulative employment duration in taconite
and the last category representing employment within hematite only. The second model
categorized employment duration into six categories including four categories
representing quartiles for production, as well as a category for non-production only

(which included unknowns), and hematite only.

Associations between cumulative respirable dust (mg/m3*years) and respirable silica
(mg/m3*years) with COPD mortality were first accounted for by utilizing a continuous
variable for overall cumulative exposure (where hematite exposure was represented as

no exposure, i.e., 0 mg/m3*years) for each exposure, respectively.

Unlike continuous exposure variables, categorical classifications of exposure do not
ascribe a particular exposure-response curve to the data. Further, categorization of
exposure may provide insight into potential levels of exposure at which there are no
observed adverse effects and assist in understanding whether there is an increasing
effect with increases in exposure levels or a trend within each category of exposure.
Specifically, categorical classifications may also help determine if there is a level at
which no adverse effect occurs. As a result, associations between cumulative
respirable dust (mg/m3*years) and respirable silica (mg/m3*years) exposures were also
described and modeled categorically. The categorical model categorized exposure into
five categories including four categories representing quartiles of cumulative respirable
dust and cumulative respirable silica, respectively, and the last category represented
those who were employed within hematite only (i.e., they had zero respirable dust or

respirable silica exposure due to work within the taconite industry).
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Results

Characteristics of Cases and Controls

For COPD underlying, most of the total cases and controls were male (cases: n=334,
95.7%; controls: n=642, 96.0%) (Table 10). The distribution of employment across
hematite and taconite was similar among cases and controls (Table 10). The average

birth year for cases and controls was 1927 (Table 10).
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Table 10. Characteristics of Chronic Obstructive Pulmonary Disease (COPD) Cases? and Controls

Cases Controls
Mean SD Mean SD
Birthyear 1927 6.2 1927 6.1
N % N %
Sex
F 15 4.3 27 4.0
M 334 95.7 642 96.0
Ore Type
Hematite only 86 24.6 173 25.9
Taconite only 130 374 235 35.1
Taconite & Hematite 133 38.1 261 39.0
Decade of Birth
1920-1929 243 69.6 464 69.4
1930-1939 87 24.9 171 25.6
1940-1949 16 4.6 28 4.2
1950-1960 3 0.9 6 0.9

aCases are defined by COPD as an underlying cause of death
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The average employment duration of those working in taconite was approximately 12
years (cases: mean=11.5 years, SD=10.3; controls: mean=12.0 years, SD=10.7) (Table
11). Of the cases who worked in taconite, the two departments with the greatest number
of workers were mining (n=115) and shop mobile (n=97) (Table 11). The departments
with the greatest average employment duration among cases occurred among those
with unknown departmental work histories (mean=9.0 years; SD=7.9), followed by shop

mobile (mean=7.6 years, SD=8.8) and mining (mean=7.1 years, SD=8.8) (Table 11).

Average cumulative respirable dust exposure was slightly lower among cases (2.3
mg/m3*years, SD=2.3) than controls (2.5 mg/m3**years, SD=2.5) (Table 11). Average
cumulative respirable silica was also similar between cases (0.3 mg/m3*years, SD=0.3)
and controls (0.3 mg/m3*years, SD=0.3) (Table 11).

57



Table 11. Employment Duration by Industry and Department, and Cumulative Respirable Dust and Respirable
Silica Exposures, Respectively, Among Chronic Obstructive Pulmonary Disease (COPD) Cases?® and

Controls
Employment Duration (in years)
Cases Controls
N Mean SD N Mean SD
By Industry®
Taconite 263 11.5 10.3 496 12.0 10.7
Hematite 219 5.6 8.1 434 4.4 6.1
By Department
Mining 115 71 8.8 213 6.4 8.2
Crushing 39 1.8 3.6 76 1.6 3.3
Concentrating 40 29 4.5 76 29 55
Pelletizing 59 3.0 6.1 100 3.4 6.6
Shop mobile 97 7.6 8.8 231 8.9 8.9
Shop stationary 54 44 5.6 97 6.7 8.6
Office/Control Room 35 6.9 8.7 50 9.9 10.3
Laborer 44 21 6.1 44 1.7 4.4
Ore Dressing 4 0.4 0.5 17 3.5 8.2
Unknown 59 9.0 7.9 83 6.7 6.5
Respirable Exposures (in mg/m**years)

COPD Cases Controls

N Mean SD N Mean SD
Respirable Dust 263 2.3 2.3 496 25 25
Respirable Silica 263 0.3 0.3 496 0.3 0.3

aCases are defined by COPD as an underlying cause of death
bTaconite represents any work in taconite & hematite represents any work in hematite; the two are not mutually
exclusive
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Descriptive characteristics, as well as characteristics of employment and exposure,
were similar among COPD underlying/contributing cases and controls except for the
departments with the greatest average employment duration (Supplemental Table 10).
Among COPD underlying/contributing cases, departments with the greatest average
employment duration among cases occurred among those who worked in the
office/control room (mean=8.1 years; SD=9.1), followed by those who had unknown
departmental work histories (mean=7.3 years; SD=7.0) and those who worked in the

shop mobile department (mean=6.9 years, SD=7.7).

Regression Analyses

Employment Duration

After accounting for employment duration within each department, taconite workers who
worked in the mining department had a slightly elevated risk of COPD mortality for each
year they worked although the result included the null value (i.e., 1.00) (HR = 1.01; 95%
Cl =0.98, 1.03) (Table 12). When investigating the cumulative years working in taconite
(regardless of department) and total years in hematite, no association was found
between employment duration in taconite and COPD (HR = 0.99; 95% CI = 0.98, 1.01)
(Table 12). However, cumulative years working in hematite was elevated, but included
the null value (HR=1.03; 95%CI=1.00, 1.05). Cumulative employment duration in
production and non-production departments adjusting for employment in unknown
departments (including the laborer department) and hematite was also modeled. The
results suggested that there was no significantly increased risk of COPD among
production or non-production departments, nor those who worked in hematite. There
was a 4% increased risk of death due to COPD for each year worked in an unknown
department (HR = 1.04, 95% CI = 1.01, 1.07) (Table 12). For each of the continuous
models, those who worked in the unknown category (excluding the laborer department)

also experienced a slightly elevated risk of COPD mortality reflecting a 4% increased
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risk of death for each year of work in an unknown department (HR=1.04; 95%CI = 1.00,
1.07) (Table 12).

Table 12. Risk of Chronic Obstructive Pulmonary Disease (COPD) Mortality® by
Cumulative Employment Duration (in years)

(Ci::r;r,\:;?;ve Employment Duration Hazards Ratio 95% CI
By Departments
Concentrating 1.00 0.94, 1.07
Crushing 0.99 0.90, 1.10
Mining 1.01 0.98, 1.03
Office/Control Room 0.99 0.96, 1.03
Pelletizing 0.99 0.95, 1.04
Shop Mobile 0.97 0.95, 1.00
Shop Station 0.97 0.93, 1.01
Ore Dressing 0.32 0.04, 2.40
Laborer 1.06 0.97,1.15
Unknown 1.04 1.00, 1.07
Hematite 1.02 0.99, 1.04
By Industry®
Taconite 0.99 0.98, 1.01
Hematite 1.03 1.00, 1.05
By Production Departments
Production 1.00 0.98, 1.02
Non-Production 0.98 0.96, 1.00
Laborer & Unknown® 1.04 1.01, 1.07
Hematite 1.02 0.99, 1.04

aCases are defined by COPD as an underlying cause of death

bTaconite represents any work in taconite & hematite represents any work in hematite; the two
are not mutually exclusive

cUnknown includes any individual who did not have a definitive job title or department as well
as any workers who were in laborer department
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Utilizing categorical variables, the current study did not identify a pattern of increased
COPD underlying mortality based on quartiles of the cumulative years of employment in
taconite, nor based on quartiles of the cumulative years of employment in production

departments (Table 13).

Table 13. Risk of Chronic Obstructive Pulmonary Disease (COPD) Mortality? by
Quartiles of Cumulative Employment Duration (in years)

nazards 95% CI
Quartiles of Cumulative
Employment Duration in Taconite®
Taconite Q1 (ref)
Taconite Q2 1.07 0.71, 1.64
Taconite Q3 1.09 0.71, 1.66
Taconite Q4 0.95 0.61, 1.46
Hematite Only 0.98 0.64, 1.49
Quartiles of Cumulative
Employment Duration in
Production Departments®
Production Q1 (ref)
Production Q2 0.96 0.57,1.62
Production Q3 1.53 0.89, 2.63
Production Q4 1.1 0.64, 1.90
Non-Production 1.08 0.69, 1.69
Hematite Only 1.07 0.66, 1.72

aCases are defined by COPD as an underlying cause of death
bMinimum and maximum values for quartiles of cumulative
employment duration in taconite (in years) are as follows: Q1=(0.003,
2.086); Q2=(2.103, 7.836); Q3=(7.866, 21.084); Q4=(21.123, 47.039)
°Minimum and maximum values for quartiles of cumulative
employment duration in production departments (in years) are as
follows: Q1= (0.003, 0.917); Q2=(0.964, 3.619); Q3=(3.671, 8.906);
Q4=(9.150, 37.895)

For each of the analyses of employment duration, the estimates and confidence
intervals found using COPD underlying versus COPD underlying/contributing were
similar in magnitude and direction and the confidence intervals continued to include the
null value (Supplemental Table 11). However, the association identified between

cumulative years of employment in an unknown department (excluding those in the
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laborer department) was no longer present when underlying and contributing mortality
due to COPD was used (HR=1.00; 95%CI1=0.97, 1.03). Additionally, the association
between cumulative years of employment in hematite and mortality due to underlying
and contributing COPD remained the same, but the confidence interval no longer
included the null value (HR=1.02; 1.00, 1.04).

While there were differences in the distribution of quartiles for COPD underlying and
COPD underlying/contributing (Supplemental Table 9), and the estimates and the
confidence intervals found for COPD underlying and COPD underlying/contributing in
the categorical models differed in magnitude in some instances (Supplemental Table

12), the associations remained non-significant (i.e., the 95%CI included the null value).

Respirable Dust

Cumulative respirable dust exposure (in mg/m3*years) was not associated with
increased risk of death due to COPD among taconite workers (COPD underlying: HR =
0.98; 95% CIl = 0.93, 1.04) (Table 14). When investigating quartiles of respirable dust
exposure, increasing quartiles of exposure, as compared to the first quartile, did not
indicate an increased risk of death due to COPD (Table 15).

Table 14. Risk of Chronic Obstructive Pulmonary Disease (COPD) Mortality® by
Cumulative Exposure to Respirable Dust and Respirable Silica

Cumulative Exposure Hazards Ratio  95% CI
((mg/m®)*years)

Respirable Dust (RD) 0.98 0.93, 1.04
Respirable Silica 0.82 0.51, 1.31

aCases are defined by COPD as an underlying cause of death
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Table 15. Risk of Chronic Obstructive Pulmonary Disease (COPD) Mortality® by
Quartiles of Cumulative Exposure to Respirable Dust and Respirable
Silica (in mg/m3*years)

Quartiles of Cumulative Respirable

Dust Exposure® Hazards Ratio 95% CI

RD Q1 (ref)

RD Q2 0.80 0.52,1.23
RD Q3 1.00 0.65, 1.54
RD Q4 0.73 0.47,1.14
Hematite Only 0.82 0.54, 1.26

Quartiles of Cumulative Respirable
Silica Exposure®

RS Q1 (ref)

RS Q2 0.85 0.56, 1.29
RS Q3 0.96 0.63, 1.46
RS Q4 0.74 0.48,1.14
Hematite Only 0.83 0.55, 1.26

aCases are defined by COPD as an underlying cause of death

bMinimum and maximum values for quartiles of cumulative respirable dust
(in mg/m3*years) are as follows: Q1= (0.004, 0.412); Q2=(0.412, 1.608);
Q3=(1.616, 3.522); Q4=(3.533, 14.531)

°Minimum and maximum values for quartiles of cumulative respirable
silica (in mg/m®*years) are as follows: Q1=(0.000, 0.0.49); Q2=(0.049,
0.185); Q3=(0.185, 0.410); Q4=(0.412, 1.705)

Further, although the estimates slightly differed between COPD underlying and COPD
underlying/contributing, increasing quartiles of respirable dust did not demonstrate a
pattern of increasing mortality due to COPD underlying/contributing and the 95%
confidence intervals for the estimates included the null value (Supplemental Table 11

and Supplemental Table 12).

Respirable Silica

Increases in cumulative respirable silica exposure (in mg/m3*years) per year did not
confer an increased risk of death due to COPD among taconite workers (HR = 0.82,
95% CI = 0.51, 1.31) (Table 14). No pattern was observed for increases in quartiles of
silica exposure in relation to risk of death due to COPD, and the 95% confidence

intervals fo the estimates included the null value (Table 15). The estimates and
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confidence intervals found for COPD underlying and COPD underlying/contributing
were similar and followed similar patterns (i.e., the estimates remained in the same
direction and the 95% confidence intervals included the null value) (Supplemental
Table 11 and Supplemental Table 12).

Discussion

Previous studies have reported an association between workplace exposures and
COPD outcomes including respirable dust and respirable silica (70-77). However,
similar to Allen et al. (6), the findings of the current study do not indicate an increased
risk of death due to COPD based on duration of employment in taconite operations in
Minnesota. An association was observed between COPD and having a history of work
in an unknown department or production category, but these associations are difficult to
interpret. Moreover, the associations disappeared when both COPD based on
underlying and contributing causes were taken into consideration. Some evidence of
associations between COPD, both underlying and contributing cases combined, and
employment in the hematite mines was observed. However, each of the associations
with hematite included the null value as the lower bound of the 95% confidence interval.
Lastly, no associations were found between respirable dust or respirable silica with
COPD mortality.

In general, previous studies have linked workplace exposures to COPD outcomes (72,
77, 78) (Supplemental Table 13). Bakke et al. investigated workplace exposures
among a Norwegian population using population-based questionnaires that included
questions related to smoking habits and occupational exposure to dust or gas, and
respiratory disorders (78). Participants’ longest job held and current occupation were
used to assign exposure based on occupation. Each occupation was categorized into
three categories including no airborne exposure (e.g, teachers, fishermen, clerks, and
taxi drivers), moderate degree of airborne exposure (e.g., farmers, greasers, weavers,
and typographers), and high degree of airborne exposure (e.g., foundry workers,

painters, and insulation workers). Airborne exposures included dusts, fumes, mists, and
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gases. Chronic obstructive lung disease and asthma were found to be elevated among
those with occupations having the highest degree of airborne exposure compared to
those without airborne exposures after adjusting for sex, age, and smoking (present
occupation: OR=3.6; 95%CI=1.3, 9.9; longest held occupation: OR=2.5; 95%CI=1.1,
5.9). Further, based on analyses adjusting for sex, age and smoking, an association
was found between exposure to quartz dust and obstructive lung disease (OR=2.3;
95%Cl=1.3, 6.0). However, given that no exposure measurements were taken and
airborne exposure was only determined qualitatively based on occupational titles, there
is likely a high degree of exposure misclassification that took place in this study.
Similarly, although participants filled out a questionnaire related to occupational
exposures to determine exposure to quartz dust, no exposure measurements were
taken to determine exposure to quartz and quartz exposure was solely based on self-

report which also likely resulted in exposure misclassification.

Weinmann et al. conducted a case-control study among members of Kaiser
Permanente Northwest health maintenance organization (HMO) in Portland, Oregon
aged 45 years and older (77). Study participants were stratified by smoking status
based on the electronic health record. COPD was determined based on the medical
record. Controls were frequency matched 1:1 to cases based on age, sex, and smoking
status. However, after recruitment only 388 COPD cases and 356 controls were
included in the final study. Based on occupational information collected via interview,
industrial hygienists assigned a score for potential exposure related to mineral dusts,
metal dusts and fumes, organic dusts, irritant gases or vapors, sensitizers, organic
solvents, diesel exhaust, and environmental tobaccos smoke. The industrial hygienists
also assigned overall scores to each occupation. COPD was determined to be
associated with exposure to any dust, irritant gases or vapors, sensitizers, organic
solvents, or diesel exhaust exposure after adjusting for age, sex, ever-smoking, and
pack-years (OR=1.5; 95%CI=1.1, 2.1). Similar to Bakke et al., given that no exposure
measurements were taken for any of these exposures, exposure misclassification was

likely (77, 78). Further, the qualitative exposure metrics used combined dust along with
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other potential exposures, and as a result, it is possible that these associations may

have been driven by exposures other than solely respirable dust.

Blanc et al. also conducted a case-control study among Kaiser Permanente Medical
Care Program members (72). Occupational risk was determined using a job-exposure
matrix that categorized occupations as low, intermediate, and high probability of
exposure. For example, occupations with a high probability of exposure included truck
and heavy equipment operators as well as most construction jobs. The authors found
that the odds of COPD were increased among those with a high probability of
occupational exposure after adjusting for age, sex, race, and smoking (OR=2.27;
95%Cl1=1.46, 3.52). As with Bakke et al. and Weinmann et al., no exposure metrics
were used and exposure assessment was based solely on qualitatively assigning

occupations to low, intermediate, and high probabilities of exposure (72, 77, 78).

More recent studies have identified associations specifically between respirable dust
and respirable silica with COPD outcomes (75, 79). Among a cohort of men from the
British Pneumoconiosis Field Research (PFR) program, Miller et al. investigated various
mortality outcomes associated with respirable dust and silica (79). The authors found
increased death due to COPD among the cohort in comparison to expected deaths
based on the regional reference population between 1959 and 2005 (SMR=115.5;
95%CI=108.0, 123.6). Generally, Miller et al. found that the average cumulative
respirable dust across surveys was approximately 139 g.h.m= (approximately 30 years
of 1740 working hours in a mean concentration of 2.65 (mg/m?3)*years) and the average
cumulative respirable silica was 6.5 g.h.m (approximately 30 years of 1740 working
hours in a mean concentration of 0.12 (mg/m?3)*years). The authors determined that
after adjusting for entry date, age (quadratic) X (smoking at entry), cigarette use at entry
into the cohort and regional rates, the risk of COPD mortality was increased among
those with dust exposure before accounting for a lag (HR=1.14; 95%CI1=1.08, 1.20) and
after a 15-year lag (HR =1.17; 95%CI=1.11, 1.24). Similar results were found for quartz
exposure without a lag (HR =1.08; 95%CI1=1.03, 1.13) and after a 15-year lag (HR
=1.11; 95%CI=1.05, 1.16). When both lagged exposures of quartz and dust were
accounted for in the model, only the exposure to dust indicated an increased risk of
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COPD mortality (quartz: HR =0.96; 95%CI1=0.88, 1.04; dust: HR =1.21; 95%CI=1.11,
1.32). Although Miller et al. used quantitative exposure metrics and the cumulative
respirable dust and silica measurements in the Miller et al. study were similar to those in
the current study, the increased risk of COPD due to respirable dust and respirable
silica, respectively, were based on comparisons to regional rates rather than another
working group or an internal comparison (79). Further, when the authors adjusted for
both respirable dust and respirable silica only respirable dust remained significant which
indicates the possibility that respirable silica may not be associated increased COPD
mortality (79). Lastly, while Miller et al. found an association between respirable dust
and COPD mortality, respirable dust may contain a variety of constituents that differ by
industry and the constituents of respirable dust found in the PFR program likely differ

from those found in taconite mining (79).

In a recent study, Lenander-Ramirez et al. evaluated morbidity and mortality due to
various diseases, including COPD, in relation to respirable silica among a cohort of
Swedish iron foundry workers (75). The authors found significantly increased SIRs for
all exposure groups of respirable dust (<2.76, 2.77-9.82, 9.83+ (mg/m3)*years) as well
as for all exposure groups of respirable silica (<0.14, 0.15-0.38, 0.39+ (mg/m3)*years).
However, for the SMRs, significant associations were only identified for the highest
tertile of respirable silica exposure for respiratory diseases (0.39+ (mg/m?3)*years:
SMR=1.80; 95%CI=1.08, 2.81). For SMRs related to respirable dust exposure, no
significant associations were found. Similar to Miller et al. and unlike the current study,
Lenander-Ramirez et al. utilized a general population as a comparison group (75, 79).
Further, while it is possible that respirable dust and silica, respectively, may lead to
COPD incidence, COPD may be reversible, and as a result associations between
COPD incidence and mortality may differ (46).

While the current study’s results differed from previous studies’ findings, there are a
number of risk factors that were not accounted for in this study that could contribute to
COPD in this population. For example, smoking, genetics, and a history of respiratory
infections are all risk factors for COPD (22, 46, 67). While these risk factors could not be

accounted for in the current study, including these factors would likely attenuate the
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relationship between employment duration and respirable exposures with COPD
mortality. Allen et al. previously estimated the association between smoking and EMP as
well as silica exposure among taconite workers who participated in the 2010 Taconite
Workers Health study (4). The authors determined that ‘ever’ smokers had higher
cumulative exposures than ‘never’ smokers for EMPs (3.3 vs. 2.5 (EMP/cc)*years,
respectively) and silica (0.5 vs. 0.4 silica (mg/m3)*years, respectively). The difference in
exposure among ‘ever’ versus ‘never’ smokers with ‘ever’ smokers experiencing higher
exposures than ‘never’ smokers suggests that the current analyses may overestimate
the association between respirable dust and respirable silica with COPD (80). However,
without information related to these risk factors including smoking, genetics, and
respiratory infection history specifically among the taconite workers in the current study,

the direction of the bias is unknown.

Although the current study does not suggest an association between respirable dust or
silica with COPD, there were limitations. While exposure estimates for respirable dust
and respirable silica were reconstructed using available historical data and personal
sampling data, exposure data was not collected for all SEGs and gaps in historical
exposure data existed (3, 12). To reconstruct historical data, a regression model and
imputation were used and a linear trend in historical exposure was assumed (12).
Additionally, Shao et al. assumed that the historical exposures were based on random
sampling and not worst-case sampling, which may have led to an over- or under-
estimate depending on how historical samples were measured (12). Also, Shao et al.
assumed that respirable silica was a certain percentage of taconite ore and that the
percentage of silica contained in the ore did not change over time by mine or
department which may have also led to potential exposure misclassification (12).
Although there was incomplete exposure data and an assumption of a historical linear
trend among others, Shao et al. had a substantial number of historical and current
samples that provided highly informative respirable dust estimates. Additionally, the
estimated exposures found by Shao et al. used in the current study resulted in
exposures that were comparable to respirable dust and silica exposures found in the

Lenander-Ramirez et al. study and the Miller et al. study (12, 75, 79).
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It is also possible that misclassification of job titles may have also occurred. Although
work history records were standardized to the extent possible, job titles within the
employment record were often incomplete or difficult to interpret. As a result, it is
possible that job titles were assigned to the incorrect SEG, and therefore the incorrect
department resulting in employment duration and exposure misclassification. The

direction of bias from this misclassification is not known.

Despite the limitations of the exposure data in the current study, employment duration
data are less likely to be biased and may serve as a proxy for exposures that are
present within taconite mining, including exposures related to respirable dust and
respirable silica, among others. However, results between employment duration and
COPD mortality were similar to those using exposure data in the current study, i.e.,
there was little evidence of an association between employment duration and COPD

mortality.

In a study among a similar group of taconite workers, Allen et al. determined that
smoking status differed based on exposure status and it is likely that in the current study
that may be the case as well (4). Specifically, more exposed workers may be more likely
to smoke than those who experienced less exposure and given the time period,
smoking was also more prevalent. Although it is possible that, had smoking been
accounted for, it would have driven the estimate toward the null. However, the actual
direction of the bias in the current study is unknown since smoking history was not

ascertained for the current study’s participants.

In general, the current study did not identify an association between taconite worker
exposures with COPD mortality. One potential reason for this may be due to the healthy
hire effect. That is, individuals who were placed in jobs that were more highly exposed
were healthier than those who were placed in lower exposure jobs; therefore, there may
not be an association among highly exposed individuals since they were already at
lower risk for COPD mortality. Despite lack of information on health history, there was
information on department, and no significant differences in the associations were

observed by department indicating that it is possible that the healthy hire effect did not
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impact the results of this study. Another possible explanation is that taconite workers, on
average, were employed for less than 10 years and the duration of employment was not
substantial enough to elicit adverse health effects. However, given that associations
between respirable dust and respirable silica were considered and no association was
found, it remains unlikely that exposures experienced in taconite contribute to COPD

mortality.

Another possible explanation for the lack of association is due to COPD not being
identified as a primary cause of death or even being mentioned on the death certificate
at all. In general, COPD is often undiagnosed which is one factor that contributes to the
absence of COPD on the death certificate (31, 81, 82). Further, individuals with a
documented diagnosis of COPD often do not have COPD listed on the death certificate
(28, 29). Drummond et al. found that only up to approximately 58% of those diagnosed
with COPD have COPD listed on the death certificate as a primary or contributing cause
(29). Lindberg et al. found similar results with COPD being listed only on 57.1% the
death certificates among those with a previously identified severe or very severe
diagnosis of COPD (32). Even among those whose death was related to a COPD
exacerbation, Drummond et al. only 34% had COPD listed as a primary cause of death
and COPD was not mentioned at all on 21% of these deaths (32). Berry and Wise also
found that for those with a diagnosis of COPD, those with mild or moderate COPD often
had cardiovascular disease or malignancy listed as the predominant cause of death
(28). Given that COPD is often not captured as the primary cause of death when COPD
is reported on the death certificate, the current study extended the definition of COPD
mortality to include underlying and contributing causes of death due to COPD to rectify
any possible underreporting that occurred. While this approach cannot account for
COPD cases that were not listed at all on the death certificate or those that may have
been listed as contributing causes for primary causes of death other than IHD, it does

provide a more comprehensive estimate of the mortality burden due to COPD.

The current study also had several strengths. This is the first study to investigate the
relationship between respirable dust and respirable silica with COPD mortality using a

quantitative exposure assessment approach within this taconite cohort. Additionally, this
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is the first study to investigate the potential misclassification of COPD on the death
certificate regarding IHD as a primary cause of death. Although there are occupational
studies that have investigated the association between occupations and COPD
generally as well as a few that have investigated the association between respirable
dust and silica with COPD, this is the first study to investigate the association among
taconite miners. Although studies involving respirable silica may be more generalizable
across study populations, the various constituents present in respirable dust may differ
across industries. As a result, unlike other occupational studies that do not focus on
taconite mining specifically, the current study provides insight into the potential effects of
cumulative exposure to respirable dust over an individual’s entire work history in the
taconite industry. Further, although some previous studies identified an association
between respirable silica and COPD, these studies compared regional or national rates
of COPD to the working population which may have resulted in a healthy worker
survival bias effect (75, 79). However, using a nested case-control design, in which
cases and controls arose from the same working population, the current study provides

evidence that there is likely not an association between respirable silica and COPD.

When underlying causes of death are due to chronic diseases that may have
comorbidities, utilizing the contributing cause of death may provide additional insight
into the effect of taconite work on COPD mortality (33). Although misclassification of the
underlying cause of death is possible when chronic diseases such as COPD and IHD
are comorbidities, given the similarity of results between COPD underlying and COPD
underlying/contributing, there is little evidence of misclassification of COPD within the

current cohort.

Further, the study sample was large and as a result the estimates were generally
precise when estimating the effects of exposures associated with IHD mortality. Lastly,
despite the difficulties with work history abstractions and job titles, relying on work
histories to define worker’s exposure eliminates the potential for recall bias if instead

workers or their families had been questioned about their roles in taconite mining.
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Conclusion

The current study evaluated did not identify associations between COPD mortality and
employment duration, respirable dust or respirable silica-exposures within taconite
mining. Although, taconite miners experience unique exposures to respirable dust and
respirable silica that often occur at higher levels than the general population, the
findings of this study suggest that occupational factors associated with taconite mining

are unlikely to lead to increased COPD mortality in this group of miners.

Chapter 5: Conclusion
Summary

Manuscript 1 (Chapter 2) evaluated whether underlying causes of death due to COPD
and IHD were under- or over-estimated, respectively, among taconite workers using a
multiple cause of death analysis. A population of 30,779 taconite workers were included
in the study and compared to the general Minnesota population between 1970 to 2010.
Of deceased taconite workers 2,127 had IHD as an underlying cause of death and 560
had IHD listed as a contributing case of death. For COPD, 361 workers had COPD
listed as the underlying cause of death with an additional 490 identified based on the

contributing cause of death.

The SMRs for the underlying cause of death were 1.04 (95% CI = 1.00, 1.09) for IHD
and 0.85 (95% CI = 0.76, 0.94) for COPD. For an underlying or contributing cause of
death due to IHD, the SMR was 1.01 (95% CI = 0.98, 1.05) whereas for COPD the SMR
was 0.90 (95% CI = 0.84, 0.97). The results from this manuscript indicated that mortality
due to IHD or COPD among taconite workers as compared to the general Minnesota
population was not elevated based on use of underlying cause of death alone, nor
based on the combination of underlying and contributing causes of death. Further, the
direction of the estimates found for IHD and COPD mortality did not differ from previous
studies investigating IHD and COPD mortality using solely the underlying cause of

death. Although increased mortality was not identified, Manuscripts 2 and 3 evaluated
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whether taconite exposures had an impact on associations with IHD or COPD mortality,
respectively. Further, sensitivity analyses extending the definition of IHD and COPD
mortality to include contributing causes of death were also explored in Manuscripts 2

and 3, respectively.

Manuscripts 2 (Chapter 3) and 3 (Chapter 4) explored associations between
employment duration, respirable dust, and respirable silica among a cohort of
Minnesota taconite miners with IHD and COPD mortality, respectively. Further, for
Manuscript 2, a secondary analysis was conducted to determine the impact of potential
misclassification of IHD as the underlying cause of death due to comorbidities such as
COPD. For Manuscript 3, a secondary analysis was also conducted to determine the
impact of potential misclassification of COPD as the underlying cause of death due to
comorbidities such as IHD. Manuscripts 2 and 3 used a nested case-control design
within a cohort of 31,067 taconite workers with cases vital statuses identified through
2010.

For Manuscript 2, a total of 2185 causes of death due to IHD as an underlying cause of
death were identified with a total of 2217 deaths due to IHD when contributing causes
were considered. No associations with IHD mortality were identified for employment
duration by department, industry, or production departments. Additionally, no association
was found between respirable dust (HR=0.99; 95%CI1=0.97, 1.02) or respirable silica
(HR=1.02; 95%CI=0.84, 1.24) with IHD as an underlying cause of death indicating that
inclusion of contributing causes of death due to IHD resulted in associations that were
essentially unchanged from those identified by IHD as an underlying cause of death

only.

For Manuscript 3, a total of 363 causes of death due to COPD as an underlying cause
were identified with a total of 499 deaths when contributing causes of death due to
COPD were considered. No associations with COPD mortality were identified for
employment duration by department or industry. An association was found by
production departments for individuals with unknown work history and laborers

(HR=1.04; 95%CI=1.01, 1.07); however, the association was no longer significant when
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contributing causes of death due to COPD were included (HR=1.01; 95%CI=0.98, 1.03).
No association was found between respirable dust (HR=0.98; 95%CI=0.93, 1.04) or
respirable silica (HR=0.82; 95%CI1=0.51, 1.31) with COPD as an underlying cause of
death. Results that included contributing causes of death due to COPD with IHD listed
as a primary cause of death were essentially unchanged from those with COPD as an

underlying cause of death only.

Overall Conclusions

Overall, the results suggest that extending the cause of death to include contributing
causes of death for COPD or IHD mortality, respectively, did not change the conclusions
from previous studies (i.e., the magnitude and direction of the associations remained
the same). Further, our results indicate that occupational exposures experienced by

taconite workers are unlikely to contribute to increased mortality due to COPD or IHD.

This study was the first to explore the impact of including contributing causes of death
for mortality due to IHD and COPD. This was also the first study to evaluate the
association between taconite exposures including duration of employment, respirable
dust, and respirable silica on IHD and COPD mortality, respectively, among this cohort
of taconite workers. These studies build upon the existing understanding of exposures
that impact the health of taconite miners in Minnesota and provide a broader
understanding of health risks that taconite miners experience. In light of the limitations,
these studies indicate that occupational exposures in taconite mining are unlikely to

contribute to increased IHD or COPD mortality among this cohort of taconite miners.
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Supplemental Tables

Supplemental Table 1. NIOSH-119 Table for Ischemic Heart Disease and Chronic
Obstructive Pulmonary Disease ICD Codes, 1960-2004

ICD Code Revision

Disease Revision 7 Revision 8 Revision 9 Revision 10

120#, 120.0-120.1,
120.8-120.9, 121#,
121.0-121.4, 121.9,
Ischemic 122#, 122.0-122.1,
Heart Disease 420 410-414 410-414, 429.2 122.8-122.9, 1244,
124.1, 124.8-124.9,
I25#, 125.0-125.6,
125.8-125.9, 151.3,
151.6
J40#, J41#, J41.0-
Chronic J41.1, J41.8, J42#,
Obstructive J43#, J43.0-J43.2,
Pulmonary 501-502, 527.1 490-492, 519.3 490-492, 496 J43.8-043.9, Ja4k.
Disease J44.0-J44 .1, J44.8-
J44.9

#: Indicates code with no decimal
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Supplemental Table 2. Cumulative Employment Duration (in years) by Production Departments for IHD
Underlying and IHD Underlying/Contributing

IHD Underlying IHD Underlying/Contributing
By Production Cases Controls Cases Controls
Departments N Mean SD N Mean SD N Mean SD N Mean SD
(yrs) (yrs) (yrs) (yrs)
Production 1,129 7.48 8.42 2,000 7.48 8.58 1,143 7.51 8.47 2,019 7.49 8.64
Non-production 980 8.17 8.40 1,983 8.97 9.12 991 8.13 8.38 2,011 8.99 9.13
Hematite 1,336 5.31 7.00 2,507 4.55 6.08 1,358 5.35 7.05 2,552 4.55 6.06
Unknown 469 4.84 6.28 882 4.82 6.33 477 4.76 6.20 893 4.87 6.38

IHD=Ischemic Heart Disease
@Hematite includes any individual who worked within hematite (i.e., it is not mutually exclusive to the other departments)
®Unknown includes any individual who did not have a definitive job title or department (excludes laborer department)
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Supplemental Table 3. Quartiles of Cumulative Employment Duration (in years) by Employment in the Taconite
Industry and the Production Department and Exposure to Respirable Dust and Respirable Silica,
Respectively (in mg/m3*years) for IHD Underlying and IHD Underlying/Contributing

IHD Underlying IHD Underlying/Contributing
Cases Controls Cases Controls
Cumulative Employment
Duration in Taconite® N Mean SD N Mean SD N Mean SD N Mean SD
Q1 394 1.10 0.74 746 1.01 0.71 398 1.09 072 744 099 0.69
Q2 393 5.44 2.1 786 5.58 2.09 399 535 209 798 552 2.09
Q3 394 14.74 2.86 672 14.67 2.81 399 1465 288 683 1462 2.82
Q4 393 26.33 3.88 827 26.60 4.30 399 26.31 3.88 841 26.66 4.39
Cumulative Employment
Duration in Production®
Q1 284 0.41 0.28 530 0.41 0.27 286 0.41 0.28 536 0.41 0.27
Q2 281 2.05 0.70 456 2.05 0.73 286 205 0.70 462 205 0.73
Q3 282 713 2.43 526 6.78 2.29 286 713 244 531 6.81 2.31
Q4 282 20.37 5.61 488 20.98 5.55 285 2049 564 490 2110 5.72
Cumulative Exposure to
Respirable Dust®f
Q1 394 0.32 0.17 761 0.30 0.17 399 032 017 767 0.30 0.17
Q2 393 1.20 0.38 757 1.23 0.39 399 119 0.38 765 1.23 0.39
Q3 394 2.94 0.57 738 2.86 0.55 399 294 0.57 746 286 0.56
Q4 393 5.76 1.75 775 5.96 1.84 398 578 175 788 597 1.86
Cumulative Exposure to
Respirable Silica?
Q1 407 0.03 0.02 807 0.03 0.02 412 0.03 0.02 812 0.03 0.02
Q2 389 0.14 0.05 798 0.15 0.05 394 0.14 0.05 806 0.15 0.05
Q3 389 0.34 0.06 726 0.34 0.07 395 0.34 0.07 739 0.34 0.07
Q4 389 0.69 0.23 700 0.73 0.25 394 069 023 709 0.73 0.25

IHD=Ischemic Heart Disease

@ Cumulative employment duration in taconite includes any work in taconite (i.e., not only individuals who worked in taconite, but those who worked
in taconite at any time)
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® Minimum and maximum values for quartiles of cumulative employment duration in taconite (in years) for IHD underlying [Q1=(0.003, 2.491);
Q2=(2.500, 9.659); Q3=(9.670, 20.058); Q4=(20.071, 54.031)] and IHD underlying/contributing [Q1=(0.003, 2.418); Q2=(2.423, 9.637); Q3=(9.643,
20.049); Q4=(20.052, 54.031)]

¢ Only includes employment duration for production departments (i.e., concentrating, crushing, ore dressing, mining, & pelletizing)

4 Minimum and maximum values for quartiles of cumulative employment duration in production departments (in years) for IHD underlying [Q1=
(0.001, 0.975); Q2=(0.977, 3.436); Q3=(3.450, 12.016); Q4=(12.112, 45.240)] and IHD underlying/contributing [Q1= (0.003, 0.975); Q2=(0.977,
3.436); Q3=(3.450, 12.178); Q4=(12.200, 52.545)]

eMinimum and maximum values for quartiles of cumulative exposure to respirable dust (in mg/m3*years) for IHD underlying [Q1=(0.001, 0.622);
Q2=(0.623, 1.950); Q3=(1.952, 3.879); Q4=(3.879, 14.228)] and IHD underlying/contributing [Q1=(0.001, 0.618); Q2=(0.618, 1.949); Q3=(1.951,
3.881); Q4=(3.881, 14.228)]

A total of 356 individuals (125 cases, 231 controls) were considered to have no cumulative respirable dust exposure because they were employed
in hematite only

9Minimum and maximum values for quartiles of cumulative exposure to respirable silica (in mg/m3*years) for IHD underlying [Q1=(0.000, 0.072);
Q2=(0.072, 0.233); Q3=(0.233, 0.457); Q4=(0.457, 1.837)] and IHD underlying/contributing [Q1=(0.000, 0.071); Q2=(0.072, 0.232); Q3=(0.232,
0.458); Q4=(0.458, 1.837)]
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Supplemental Table 4. Characteristics of and Exposures Among IHD
Underlying/Contributing Cases?® and Controls

Cases Controls
Mean SD Mean SD
Birthyear 1928 7.84 1928 7.67
N % N %
Sex
F 36 1.69 71 1.72
M 2,099 98.31 4,048 98.28
Ore Type
Hematite only 540 25.27 1,053 25.56
Taconite only 777 36.39 1,567 38.04
Taconite & Hematite 818 38.31 1,499 36.39
Decade of Birth
1920-1929 1,433 67.06 2,776 67.39
1930-1939 497 23.28 965 23.43
1940-1949 144 6.74 266 6.46
1950-1960 61 2.86 112 2.72
Employment Duration (in Years) N Mean  SD N Mean SD
By Industry®
Taconite 1,595 11.86 10.04 3,066 12.25 10.45
Hematite 1,358 5.35 7.05 2,552 4.55 6.06
By Department
Mining 828 6.82 8.13 1,384 6.51 8.01
Crushing 290 1.97 3.57 517 1.91 3.71
Concentrating 261 3.80 5.36 534 3.63 5.10
Pelletizing 415 2.61 5.08 714 3.70 6.63
Shop mobile 748 6.79 7.51 1,427 7.50 8.39
Shop stationary 336 5.80 7.36 713 6.62 7.96
Office/Control Room 131 7.88 8.00 333 7.97 7.93
Laborer 202 1.59 4.19 390 1.49 3.96
Ore Dressing 90 3.18 6.06 157 3.58 6.43
Unknown® 308 6.33 6.37 571 6.61 6.58
Respirable Exposures (in mg/m3*years)
Respirable Dust (RD) 1,595 2.55 2.29 3,066 2.61 2.40
Respirable Silica (RS) 1,578 0.30 0.28 3,031 0.30 0.29

aCases are defined by IHD as an underlying cause of death or IHD as a contributing cause of death
(with COPD as an underlying cause of death)

bTaconite represents any work in taconite & hematite represents any work in hematite; the two are not
mutually exclusive

cUnknown includes any individual who did not have a definitive job title or department (excludes laborer
department)
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Supplemental Table 5. Risk of IHD Mortality due to IHD Underlying & Contributing
Causes of Death? by Cumulative Years of Employment and Cumulative

Exposure
Gumuative Years of ozt g c
By Departments
Concentrating 0.99 0.97,1.02
Crushing 1.01 0.98, 1.05
Mining 1.01 1.00, 1.02
Office/Control Room 0.98 0.96, 1.00
Pelletizing 0.98 0.96, 1.00
Shop Mobile 0.99 0.98, 1.00
Shop Station 0.98 0.97,1.00
Ore Dressing 1.00 0.97,1.04
Laborer® 0.99 0.95, 1.03
Unknown® 0.99 0.97,1.01
Hematite 1.02 1.01, 1.03
By Industry®
Taconite 0.99 0.99, 1.00
Hematite 1.02 1.01,1.03
By Production Departments
Production 1.00 1.00, 1.01
Non-Production 0.99 0.98, 0.99
Laborer® & Unknown® 0.99 0.97, 1.00
Hematite 1.02 1.01, 1.03
Cumulative Exposure
Respirable Dust (RD) 0.99 0.97,1.02
Respirable Silica 1.02 0.84,1.23

aCases are defined by IHD as an underlying cause of death
and IHD as a contributing cause of death (with COPD as an
underlying cause of death)

bIncludes any individual who did not have a definitive job title or
department

°Includes laborers not assigned to a specific department in the
mines

dTaconite represents any work in taconite & hematite
represents any work in hematite; the two are not mutually
exclusive
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Supplemental Table 6. Risk of IHD Mortality Underlying/Contributing Causes of
Death? by Quartiles in Separate Analyses of Employment Duration and

Exposure
Hazards Ratio 95% ClI

Quartiles of Cumulative Years of

Employment in Taconite

Taconite Q1 (ref)
Taconite Q2 0.93 0.78,1.10
Taconite Q3 1.09 0.92,1.30
Taconite Q4 0.90 0.75,1.07
Hematite Only 0.97 0.82,1.15

Quartiles of Cumulative Years of

Employment in Production Departments

Production Q1 (ref)
Production Q2 1.16 0.94,142
Production Q3 1.00 0.82,1.23
Production Q4 1.10 0.89, 1.35
Non-Production 0.80 0.67, 0.97
Hematite Only 0.96 0.80, 1.16

Quartiles of Cumulative Respirable Dust

Exposure

RD Q1 (ref)
RD Q2 1.00 0.84,1.19
RD Q3 1.03 0.86, 1.22
RD Q4 0.98 0.83,1.17
Hematite Only 1.00 0.85, 1.18

Quartiles of Cumulative Respirable Silica

Exposure

RS Q1 (ref)
RS Q2 0.96 0.81, 1.14
RS Q3 1.06 0.89, 1.26
RS Q4 1.12 0.94, 1.33
Hematite Only 1.03 0.88, 1.22

aCases are defined by IHD as an underlying cause of death and IHD as a contributing cause of death
(with COPD as an underlying cause of death)
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Supplemental Table 7. Selected Studies on Respirable Exposures and Ischemic Heart Disease Outcomes

approximately 0.0
mg/md to 0.85
mg/m?

matter
(mg/m?)

First Study Outcome of Exposure of Exposure Exposure
Author Participants Timeframe Desi I I s D A Associations Results
(Year) esign nterest nterest ummary Data ssessment
Average for 2006-
2008: Min=13.90
Prospective pg/m®; Max=20.46 Per IQR
Rodins 4,814 2000 to population-  CHD PM pg/ mé Residential increase (i.e HR=0.89; 95%CI=0.75,
(2020) participants 2014 based incidence 25 Average for 2001-  area a0 1.05
study 2003: Min=15.36 1.87 pg/m’)
pg/m3; Max=22.10
pg/m®
ReS|f:|ent|a| Results presented
area; mean h R
exposure of graphically; estimates for
the same year same year and 1-5 years
Population-  IHD were between 1.0 and
jungman , 0 ase ospitalization otal exposure . . A wi Cls tha
Lj 114,758 1990 t based hospitalizati Total of the event,  Per IQR 1.1 with 95%Cls that
- : . PM,s v ;5 1-5years increase (i.e., .
(2019) participants 2011 multi-cohort  or mortality average=7.7ug/m preceding the 1.94 pg/m?) included the null value,
study (combined) event. and 6- ’ the estimate for 6-10
10 e:ars years was between 0.9
remoding the and 1.0 with 95%Cls that
p 9 included the null
event
Prospective Range of mean Per IQR
Thurston 445,860 1982 to population- IHD mortalit PM concentrations Residential increase (i.e HR=1.03; 95%CI=1.00,
(2016) participants 2004 based y 25 (2000-2005): 8.6-  area 0 1.06
study 26.9 pg/m? 3.145 pg/m’)
1941 to 1994 (highest
exposure quantile (>2.77
Range of anpual mg/md) v. unf/xcposed):
mean PM; s from HR=1.53; 95%CI|=1.15,
straight Modeled 2.05
3 years metalworking fluid 1941 to 1970 (highest
after hire PMs; from (mg/m?3) (1920- based on Exposure exposure quantile (>1.66
Costello 39,412 Cohort . straight personal and quintiles 3 "
date to IHD mortality 1994) (based on mg/m?®) v. unexposed)
2015 autoworkers study metalworking . area samples compared to _ : A e
death or fluid (mg/m®) graphical for particulate  unexposed HR=1.07; 95%Cl1=0.68,
1994 9 representation): P P 1.69

1971 to 1994 (highest
exposure quantile (>3.40
mg/m®) v. unexposed):
HR=1.64; 95%CI=1.12,
2.41
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Neophytou
(2016)

Lai (2018)

Wang
(2020)

6,579
smelters
7,432
fabricators

7,665
Chinese iron
miners

44,708 male
metal mine
and pottery
workers

1998 to Cohort
2003 study
1960 to Cohort
2012 study
1950 to Cohort
2003 study

First
occurrence of
IHD (mortality
or incidence)

IHD mortality

IHD mortality

Respirable

silica

Respirable
silica

Mean annual
PM2.5 (smelters):
1.98 (SD=1.62)
mg/m?®

Mean annual
PM2.5
(fabricators): 0.34
(SD=0.50) mg/m?

Average annual
respirable silica
concentration
(mg/md): 0.04
(SD=0.04) mg/m?

Average
cumulative silica
dust exposure:
3.64 (SD=4.17)
mg/m?®

Modeled
estimates
based on 8000
personal
samples
collected over
25 years

Modeled
exposure
based on
historical
measurements
using a JEM

Estimated
silica exposure
based silica
content in total
dust and used
a JEM to
estimate
exposures for
each workers

Above the
10th
percentile of
PM2_5 V.
below the
10th
percentile of
PMz5

Increase of 1
mg/m**year
in cumulative
respirable
silica

Quartiles of
exposure V.
unexposed

Quartiles of
exposure V.
never
exposed

Traditional Cox Models
Fabricators: HR=1.24;
95%Cl1=0.92, 1.68
Smelters (approximated
from Figure 2): HR=1.6;
95%Cl=1.1, 2.5

Cox Marginal
Structural Models
Fabricators: HR=1.34;
95%CI=0.98, 1.83
Smelters: HR=1.98;
95%Cl=1.18, 3.32

HR=1.134;
95%Cl=0.990, 1.298

Low (0.4935 mg/m3*y or
below): HR=1.190;
95%Cl1=0.738, 1.918
medium (0.4935 to
0.8423 mg/mS*y):
HR=1.538;95%CI|=1.063,
2.226

high (0.8423 mg/m**y or
above): HR=1.781;
95%Cl1=1.281, 2.476

low (0 to 1.056
mg/m3*years): HR=1.20;
95%CI=0.94, 1.55
medium (1.057 to 3.925
mg/m®*years): HR=1.21;
95%CI=0.95, 1.54

high (>3.925
mg/m®*years): HR=0.77;
95%CI=0.58, 1.01

CHD=Coronary Heart Disease




Supplemental Table 8. Cumulative Employment Duration (in years) by Production Departments

COPD Underlying COPD Underlying/Contributing
Cases Controls Cases Controls
By Production N Mean SD N Mean SD N Mean SD N Mean SD
Departments (yrs) (yrs) (yrs) (yrs)
Production 167 7.0 8.7 311 6.8 8.7 241 6.8 7.8 446 6.9 8.2
Non-production 153 7.9 9.1 322 9.9 9.6 216 7.9 8.7 452 9.6 9.4
Hematite® 219 5.6 8.1 434 4.4 6.1 314 5.8 7.7 611 5.0 6.5
Unknown® 59 9.0 7.9 83 6.7 6.5 90 7.3 7.0 148 7.7 7.2

COPD=Chronic Obstructive Pulmonary Disease
@Hematite includes any individual who worked within hematite (i.e., it is not mutually exclusive to the other departments)
bUnknown includes any individual who did not have a definitive job title or department (excludes laborer department)
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Supplemental Table 9. Quartiles of Cumulative Employment Duration (in years) by Employment in the Taconite
Industry and the Production Department and Exposure to Respirable Dust and Respirable Silica,
Respectively (in mg/m3*years)

COPD Underlying COPD Underlying/Contributing
Cases Controls Cases Controls
cumulative Employment Mean SD N Mean SD N Mean SD N Mean SD
Q1 66 0.90 0.63 124 0.90 0.64 90 1.00 0.68 168 0.95 0.68
Q2 66 4.54 1.66 119 4.49 1.79 89 4.85 1.82 170 5.06 2.05
Q3 66 13.95 3.55 119 13.96 3.78 90 1456  3.42 157 1487  3.31
Q4 65 26.71 3.63 134 27.06 4.00 89 2717  3.44 202 2736 4.12
Cumulative Employment
Duration in Productiond*
Q1 42 0.41 0.29 85 0.35 0.27 61 0.56 0.40 128 0.48 0.35
Q2 42 1.95 0.82 90 1.97 0.76 60 2.33 0.78 106 2.22 0.75
Q3 42 5.67 1.62 58 5.72 1.44 60 6.08 1.61 94 6.23 1.63
Q4 41 2047 7.02 78 20.03 7.01 60 18.45  6.77 118 18.70  6.79
Cumulative Exposure to
Respirable Dust®
Q1 66 0.22 0.12 106 0.20 0.11 90 0.25 0.14 161 0.24 0.15
Q2 66 0.97 0.36 136 0.87 0.34 89 1.1 0.52 175 1.04 0.38
Q3 66 2.51 0.53 110 2.58 0.53 90 2.80 1.83 166 2.92 0.60
Q4 65 5.75 1.86 144 5.84 2.03 89 6.04 3.97 195 6.27 1.91
Cumulative Exposure to
Respirable Silica
Q1 71 0.02 0.01 115 0.02 0.01 95 0.03 0.02 168 0.03 0.02
Q2 64 0.11 0.04 126 0.11 0.04 87 0.12 0.04 166 0.12 0.06
Q3 64 0.28 0.07 113 0.29 0.07 88 0.31 0.07 171 0.31 0.07
Q4 64 0.68 0.26 142 0.69 0.28 88 0.71 0.24 192 0.73 0.27

COPD=Chronic Obstructive Pulmonary Disease
a Cumulative employment duration in taconite includes any work in taconite (i.e., not only individuals who worked in taconite, but those who worked
in taconite at any time)
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® Minimum and maximum values for quartiles of cumulative employment duration in taconite (in years) for COPD underlying [Q1=(0.002, 2.086);
Q2=(2.103, 7.836); Q3=(7.866, 21.084); Q4=(21.123, 47.039)] and COPD underlying/contributing [Q1=(0.003, 2.311); Q2=(2.313, 8.956);
Q3=(8.958, 21.320); Q4=(21.328, 52.572)]

4 Only includes employment duration for production departments (i.e., concentrating, crushing, ore dressing, mining, & pelletizing)

€ Minimum and maximum values for quartiles of cumulative employment duration in production departments (in years) for COPD underlying [Q1=
(0.003, 0.917); Q2=(0.964, 3.619); Q3=(3.671, 8.906); Q4=(9.150, 37.895)] and COPD underlying/contributing [Q1= (0.003, 1.218); Q2=(1.236,
3.874); Q3=(3.875, 9.450); Q4=(9.515, 37.895)]

eMinimum and maximum values for quartiles of cumulative exposure to respirable dust (in mg/m®*years) for COPD underlying [Q1= (0.004, 0.412);
Q2=(0.412, 1.608); Q3=(1.616, 3.522); Q4=(3.533, 14.531)] and COPD underlying/contributing [Q1=(0.004, 0.511); Q2=(0.519, 1.825); Q3=(1.833,
3.959); Q4=(3.965, 12.466)]

¢For COPD underlying a total of 259 individuals (86 cases, 173 controls) and for COPD underlying/contributing a total of 356 individuals (125
cases, 231 controls) were considered to have no cumulative respirable dust exposure because they were employed in hematite only

9Minimum and maximum values for quartiles of cumulative exposure to respirable silica (in mg/m**years) for COPD underlying [Q1=(0.000,
0.0.49); Q2=(0.049, 0.185); Q3=(0.185, 0.410); Q4=(0.412, 1.705)] and COPD underlying/contributing [Q1=(0.000, 0.056); Q2=(0.057, 0.195);
Q3=(0.195, 0.463); Q4=(0.437, 1.737)]
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Supplemental Table 10. Characteristics of and Exposures Among COPD Cases?
and Controls (Underlying and Contributing Causes of Death)

Cases Controls
Mean SD Mean SD
Birthyear 1927 6.2 1927 6.0
N % N %
Sex
F 20 4.1 37 4.0
M 463 95.9 891 96.0
Ore Type
Hematite only 125 25.9 231 24.9
Taconite only 169 35.0 317 34.2
Taconite & Hematite 189 39.1 380 40.9
Decade of Birth
1920-1929 342 70.8 653 704
1930-1939 114 23.6 229 24.7
1940-1949 24 5.0 40 4.3
1950-1960 3 0.6 6 0.6
Employment Duration (in Years) N Mean SD N Mean SD
By Industry®
Taconite 358 11.9 10.4 697 12.74 10.9
Hematite 314 5.8 7.7 611 4.96 6.5
By Department
Mining 174 6.3 7.8 317 5.96 7.5
Crushing 57 2.1 3.3 110 2.12 3.2
Concentrating 57 2.8 3.9 110 3.1 4.8
Pelletizing 87 3.0 5.1 142 3.72 6.2
Shop mobile 151 6.9 7.7 327 8.28 8.7
Shop stationary 68 4.5 5.6 143 6.18 7.7
Office/Control Room 45 8.1 9.1 78 9.40 94
Laborer 83 29 49 95 3.39 5.7
Ore Dressing 6 1.3 1.9 25 3.79 6.6
Unknown® 90 7.3 7.0 148 7.73 7.2
Respirable Exposures (in mg/m3*years)
Respirable Dust (RD) 358 2.54 2.39 697 2.76 2.61
Respirable Silica 358 0.29 0.29 697 0.31 0.32

aCases are defined by COPD as an underlying cause of death or COPD as a contributing cause of
death (with IHD as an underlying cause of death)

bTaconite represents any work in taconite & hematite represents any work in hematite; the two are not
mutually exclusive

°Unknown includes any individual who did not have a definitive job title or department (excludes laborer
department)
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Supplemental Table 11. Risk of COPD Mortality due to Underlying & Contributing
Causes of Death? by Cumulative Years of Employment and Cumulative
Exposure

Cumulative Years of Employment Hazards Ratio 95% CI

By Departments

Concentrating 0.99 0.93, 1.06
Crushing 0.98 0.90, 1.07
Mining 1.00 0.98, 1.03
Office/Control Room 1.00 0.97,1.03
Pelletizing 0.99 0.95, 1.03
Shop Mobile 0.98 0.96, 1.00
Shop Station 0.97 0.93, 1.01
Ore Dressing 0.79 0.55,1.15
Laborer® 1.03 0.97,1.08
Unknown® 1.00 0.97,1.03
Hematite 1.02 1.00, 1.04
By Industry®
Taconite 0.99 0.98, 1.00
Hematite 1.02 1.00, 1.04
By Production Departments
Production 1.00 0.98, 1.02
Non-Production 0.98 0.96, 0.99
Laborer® & Unknown® 1.01 0.98, 1.03
Hematite 1.02 1.00, 1.03
Cumulative Exposure
Respirable Dust (RD) 0.96 0.92,1.01
Respirable Silica 0.77 0.52,1.14

aCases are defined by COPD as an underlying cause of death and COPD as a contributing cause of
death (with IHD as an underlying cause of death)

bIncludes any individual who did not have a definitive job title or department
°Includes laborers not assigned to a specific department in the mines

dTaconite represents any work in taconite & hematite represents any work in hematite; the two are not
mutually exclusive
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Supplemental Table 12. Risk of COPD Mortality Contributing Causes of Death? by
Quartiles in Separate Analyses of Employment Duration and Exposure

Hazards Ratio 95% CI

Quartiles of Cumulative Years of Employment

in Taconite

Taconite Q1 (ref)
Taconite Q2 1.01 0.70,1.45
Taconite Q3 1.10 0.77,1.58
Taconite Q4 0.86 0.59, 1.24
Hematite Only 1.07 0.75, 1.52

Quartiles of Cumulative Years of Employment

in Production Departments

Production Q1 (ref)
Production Q2 1.21 0.78, 1.87
Production Q3 1.40 0.89, 2.20
Production Q4 1.10 0.70,1.72
Non-Production 1.00 0.68, 1.46
Hematite Only 1.20 0.81,1.78

Quartiles of Cumulative Respirable Dust

Exposure

RD Q1 (ref)
RD Q2 0.96 0.67, 1.38
RD Q3 1.00 0.70, 1.44
RD Q4 0.85 0.58, 1.23
Hematite Only 1.02 0.72,1.46

Quartiles of Cumulative Respirable Silica

Exposure

RS Q1 (ref)
RS Q2 0.95 0.66, 1.37
RS Q3 0.94 0.66, 1.35
RS Q4 0.82 0.56, 1.20
Hematite Only 1.00 0.71,1.42

aCases are defined by COPD as an underlying cause of death or COPD as a contributing cause of
death (with IHD as an underlying cause of death)
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Supplemental Table 13. Selected Studies on Respirable Exposures and COPD

First . . Study Outcome Exposure Exposure Exposure L
Author Participants  Timeframe Design of Interest of Interest Summary Data Assessment Associations  Results
Collected via
For present job survey, authors
Eopulation- Chronic General, moderate airbor.ne a_ssigned no M_odergate or AE+: OR=1.4: 95%CI=0.9,
Bakke 714 1985 ased Obstructive  unspecified  £XPosure (AE+): airborne exposure  High airborne 30
- ’ Cross- ISP 26% (AE-), moderate exposure v.
(1991) participants 1987-1988 ) Lung "airborne . . At . AE++: OR=3.6;
sectional Disease exposure” high airborne airborne exposure  no airborne 95%CI=13. 9.9
survey exposure (AE++): (AE+), and high exposure D
3% airborne exposure
(AE++)
Industrial Exposure to
hygienists any dust,
Any dust, evaluated irritant gases
Population- gas, vapor, likelihood of or vapors,
. 388 cases based sensitizer, exposure sensitizers,
Weinmann and 356 2000to case C.OPD . organic Not Reported including to any organic OR=1.5; 95%CI=1.1, 2.1
(2008) 2002 diagnosis
controls control solvent or dust, gas, vapor, solvents, or
study diesel sensitizer, organic  diesel
exhaust solvent or diesel exhaust v.
exhaust to create never
a JEM exposed
Exposure probability Intermediate
Population- among cases based  Occupational risk and High Low (ref)
Blanc 1,202 cases based COPD Vapors, on JEM: assessed using_ a exposure Intermediate: OR=1.27;
(2009) and 302 case diagnosis gas, dust, Low: 467 (67%) JEM based on job  probability v. 95%CI1=0.74, 2.19
controls control or fumes Intermediate: 70 title data collected  Low High: OR=2.27;
study (9%) via interview exposure 95%Cl=1.46, 3.52
High: 177 (24%) probability
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Averages of

Respirable dust

cumulative Respirable No lag: HR=1.14;
respirable dust dust: per 100 95%CI=1.08, 1.20
among 5 surveys g.h.m-3
ranged from 131.4 to increase 15;year lag: HR=1.17;
154.4 g.h.m-3 95%CI=1.11, 1.24
17.820 male Modeled Respirable quartz
Miller British Respirable estimates based Noolag: HR=1.08;
(2010) colliery dust and Averages of on sampling and 95%C1=1.03, 1.13
workers quartz cumulgtive applied to job Respirable 15-year lag: HR=1.11;

. titles P 95%ClI=1.05, 1.16
respirable quartz quartz: per 5 Laaged exposure for
among 5 surveys g.h.m-3 d g? d p rt
ranged from 6.24 to increase us _an quartz
7.01 g.h.m-3 Respirable dust: HR=1.21;

95%CI1=1.11, 1.32
Respirable silica: HR=0.96;
95%CI1=0.88, 1.04
Respirable dust
<2.76 mg/m*years: SIR=
1.81; 95%ClI=1.25, 2.54
Average Cumulative 2.77-9.82 mg/m>*years:
Respirable dust: SIR=2.04; 95%Cl=1.42,
10.1 mg/m®*year 2.83
9.83+ mg/m**years:
—_ . 0, —_
Lenander- 1,752 Respirable Standardized to Comparison §|$7 1.97; 95%CI=1.36,
Ramirez Swedish dust and the general o the general Respirable silica
(2022) foundry silica Swedish Swedish p - )
workers population population <0.14 mg/m™years:

Average Cumulative
Respirable silica:
0.40 mg/m**year

SIR=2.35; 95%CI=1.56,
3.40

0.15-0.38 mg/m>*years:
SIR=2.07; 95%CI=1.43,
2.91

0.39+ mg/m**years:
SIR=1.64; 95%CI|=1.17,
2.24
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